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pulmonary embolism 
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dissolving action of an intravenous infusion of this phy- 
siologic fibrinolysin.* A significant decrease in length of 
hospitalization following thrombophlebitis, as well as a 
reduction in the threat of pulmonary embolism, is now 
possible. In one series of patients with deep thrombo- 
phlebitis, some of whom had previously 
suffered pulmonary emboli, no occur- 
rence of pulmonary emboli was reported 
following administration of ACTASE." 





COMPLETE INFORMATION AVAILABLE ON REQUEST. 





o 
ie 
ra 
0 
— 
> 
% 
> 
° 
& 








---an enlarged selection of 
Research Quality radiochemicals including 


thirty-eight new tritium compounds 


Dozens of new carbon-14 compounds and a complete 

new line of tritium compounds are included in 

the new radiochemical Schedule E 

now available from Nuclear-Chicago. 
These new compounds offer you the 

combined advantages of guaranteed 


purity, economy, fast delivery, and 











widest selection of package sizes— 
factors which have made Nuclear-Chicago the 
world’s leading supplier of “Research Quality” 
radioactive reagents. 

Our new radiochemical Schedule E lists over 150 
carbon-14 compounds normally available for 
immediate delivery and hundreds of other 
compounds—carbon-14, sulfur-35, phosphorus-32, 
and the new tritium compounds, available 
on 30-45 day basis. 

We would be pleased to send you a copy of 
Schedule E—which also contains descriptions and 
prices of high intensity beta and gamma sources, 


standards, reference sources, and radionuclide sets. 





Just ask for “Radiochemical Schedule E”. 








nuclear-chicago 


CORPORATION 


329 E,.Howard Ave. Des Plaines, I/II. 





TOMOMR OW? S MED LCIN E 


Books which crystallize today’s avant-garde 
thinking into tomorrow’s practice concepts 


FROM THE ROYAL COLLEGE OF PHYSICIANS 
CLINICAL EFFECTS OF ELECTROLYTE DISTURBANCES--Ross 


The edited papers and discussions presented at a conference in the Royal College of Physicians of 
wvndon in February, 1959. A concise “wrap-up’’ of the latest developments in this increasingly 
important science. 210 Pages. Numerous Diagrams. NEW, 1959. $4.00. 


FROM THE BRAIN RESEARCH FOUNDATION 
MOLECULES AND MENTAL HEALTH—Gibbs 


Proceedings and Discussions at the Scientific Conferences of the Brain Research Foundation, January 
and March, 1958. Abood, Heath, Elmadjian, Sorel, Garvin, et al. 189 Pages, Illustrated. NEW, 
1959. $4.75 


STRESS AND CELLULAR FUNCTION—Laborit et al. 


A unified approach to the problems of injury and resuscitation with emphasis on similarities in sys- 
temic reaction to various kinds of injury, their management, and restoration of systemic functional 
harmony. 250 Text Pages, 61 Illustrations. 1959. 0 


ATTENUATED INFECTIONS: The Germ Theory in Contemporary Per- 


spective—Simon 


A “second look’’ at man’s inability to live with his owr microbes, at clinical chemistry and cellular 
physiology, and what’s to be done about attenuated infections. JN ACTIVE PREPARATION. 
METAL BINDING IN MEDICINE—A Study of Chelation—Seven 


The first comprehensive survey on the uses of metal-binding compounds as reported by leading 
clinicians and researchers at a symposium at Hahnemann Medical College, May, 1959. IN ACTIVE 


PREPARATION. 


Order from your book store, or direct from the publisher 


Wire tN © OT TCO Me A N.Y... 


East Washington Square, Philadelphia 5, Pa. | 








RARE and FINE ORGANICS 


A few of the thousands of rare stock chemicals 


o-AMINOBIPHENYL 
N-ETHYL MALEIMIDE 
d-GLUCURONIC ACID 

5-H YDROXYINDOLE-3-ACETIC ACID 
5-HYDROXYTRYPTOPHANE 
IMIDAZOLE ACETIC ACID 
a-~-KETOISOCAPROIC ACID 
a-~-KETOISOVALERIC ACID 
B-MERCAPTOETHYLAMINE 
PHLORETIN 
o-PHTHALALDEHYDE 
SEROTONIN (Creatinine Sulfate) 


WRITE FOR CATALOG #3 LISTING OVER 12,000 
RARE— 


alkaloids hydrocarbons steroids 
amino acids keto acids sugars 
enzymes Fatty acids purines 
biochem preps peptides carcinogens 


Write Dept. “C” 


7 
GOW LABORATORIES. INC. 
wr. 


7710.93rd AVENUE 





JAMAICA 33, N Y 





WANTED 


Back Issues of 


THE JOURNAL OF 
CLINICAL INVESTIGATION 


January, July, (Pt. I), September, 
through December, 1955 


January through December, 1956 
75¢ per copy and postage 


For particulars write to 


The Journal of Clinical 
Investigation 
Business Office 
333 Cedar Street 
New Haven 11, Conn. 











© 0 


Sib |] Ud 


“yp: ‘ 
+h “4 


the disease of many masks 


Doctor, do you recognize this patient? She complains 
of flatulence, constipation with alternating periods 
of diarrhea, and colicky pains in the lower right 
quadrant. At other times she is troubled by anorexia, 
lassitude, dull headache, muscle pains and backache. 
Or she may have only one or two of these symptoms. 


In these puzzling cases, serious consideration should 
be given to intestinal amebiasis—the disease of 
many masks. Clinicians say it is “one of the most 
widespread and serious protozoan diseases of man,” 
yet ‘‘there is no parasite more often misdiagnosed 
than is E. histolytica.’’ Conservative estimates place 
the incidence at 10% of the United States population 
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ing 50 mg. of glaucarubin. Write for descriptive 
literature, bibliography, and dosage schedules. 


Nur Glarubin 


TABLETS 
specific for intestinal amebiasis 


THE S. E. FMPASSENGILL COMPANY 


BRISTOL, TENNESSEE 
NEW YORK + KANSAS CITY + SAN FRANCISCO 





NOW OVER 5100 


CHEMI€ALS 


Dihydroxybenzidine 

3,4-Dihydroxyphenylglycine 

,4-Dihydroxyphenylserine 

4-Dihydroxypyridine 

,6-Dihydroxypyridine 

,5- Dihydroxypyridine 

,4-Dihydroxythiazole 

Diiodohydroxypropane 

Diiodolecithin The Singular Source for Isotopic 


,5-Diiodothyronine Hydrochlo- Bes 
ride Compounds.. per your exact specifications 
,2-Dimercaptopropane 
,3-Dimercaptopropionic Acid 
,4-Dimethylbenzoic Acid | a com + mg of guaranteed radiopurity 
Dimethylcarbamy! Chloride Sy Sve ee 
.2-Dimethylethyleneimine carbon-14 Available by arrangement: 
1-Dimethylethylene Oxide sulfur-35 a. Special packaging and sizes. 
,2-Dimethylnaphthalene phosphorus-32 cate ; 
l b. Special forms; e.g., solu 
,5-Dimethylnaphthalene deuterium tions for injection, crystal- 
6-Dimethyl-1,10-phenanthroline tritium line solids 
imethylpyrone c. High, low, or standard 


specific activity. 
Ask for our new 
complete catalogue 


NWNN Ww 


On 


ee ee 


, 


SOCSCOCOSOS 200080008808 
Ww 


0 


Unconditional Quality Guarantee. 
Write for our new comprehensive 24-page catalog. 


Li Lo : C=. Clark Street, Chicago 40, Ill 
. \ 411 North Clark Street, Chicago 40, lil. 
17 West 60th St. New York 23 N.Y 
Plaza 7-817) 





HAHNEMANN The Journal of Clinical Investigation 
MEDICAL COLLEGE AND HOSPITAL 333 Cedar Street New Haven 11, Conn. 


of Philadelphia 


COMPLETE VOLUMES 


OF 


A MAJOR BACK ISSUES 
SYMPOSIUM Vols. 1 through 11, inc.—special 


price 
ON Vol. 13 (1934) six issues 
Vol. 27 (1948) six issues and one 


1 t 
EDEMA Vol. 28 (1949) six issues and two 


supplements 
by more than eighty Vol. 29 (1950) twelve issues 
; a aah Vol. 30 (1951) twelve issues and 
internationally known authorities one supplement 
Vol. 31 (1952) twelve issues 
DECEMBER 7-11, 1959 Vol. 32 (1953) twelve issues 
Vol. 33 (1954) twelve issues 
: Vol. 36 (1957) twelve issues and 
Reservations and further information may two supplements 
be obtained by writing to Dr. Morton Fuchs, Vol. 37 (1958) twelve issues 
Symposium on Edema, Hahnemann Medical Soden. Vole. 1-17, tae 
College, 235 North Fifteenth St., Phila. 2, Pa. ’ : ’ » 
Approved for 40 hours credit in category 1, AAGP Credit Order While Available 


pre ’SentS 

















Fi 
DEOXYADENOSINE 
¥-MONOPHOSPHATE 


{DENOSINE 
5’-MONOPHOSPHATE @ 


DEOXYCYTIDINE 
-MONOPHOSPHATE 


CYTIDINE 
¥-MONOPHOSPHATE 





DEOXYGUANOSINE 
5'-MONOPHOSPHATE 


GUANOSINE 
5’-MONOPHOSPH ATE 


— 
Pail 
Ya 
ya 
mutt 
——— 
ya 
ae 
aor 
aon 
Fm 
Y a 
Va 
——- 
Fl 
, 


URIDINE THYMIDINE 
5’-MONOPHOSPHATE ¥-MONOPHOSPHATE 


Now available at low cost from Schwarz 


links in the 
nucleic acid helix... 


These natural nucleic acid building blocks are the purest available — suitable 


2 


for the most precise experimental proceduré or manufacturing process. 
Adenosine 5’-monophosphate is priced at $4.50/2 Gm. Other 5’-Ribonucleotides 
cost $25/Gm. and 5’-Deoxyribonucleotides are $22.50/Gm. 

Detailed information on these and other nucleic 


acid derivatives available on request. 


0 
S » SCHWARZ BIORESEARCH, INC., Dept. CG) MOUNT VERNON, NEW YORK 
BIOCHEMICALS * RADIOCHEMICALS * PHARMACEUTICALS 


for research, for medicine, for industry 








Leukemla..... 
‘LEUKERAN’.. 


CHLORAMBUCIL (formerly known as C. B. 1348) 


FOR CHRONIC LYMPHOCYTIC LEUKEMIA 


A derivative of nitrogen mustard, it has provided amelioration of follicular lym- 
phoma, lymphocytic lymphoma with or without leukemia, and Hodgkin’s disease. 


Sugar-coated Tablets of 2 mg. 
‘MYLERAN’. 


BUSULFAN 


FOR CHRONIC MYELOCYTIC LEUKEMIA 


*‘Myleran’ has been reported to induce remissions, lasting up to two years, in chronic 
myelocytic leukemia. In addition to the decrease in total white cell count and a 
selective reduction of immature myeloid cells, it usually gives, early after its ad. 
ministration, a rise in hemoglobin level and pronounced subjective improvement. 


PURINETHO. = 


MERCAPTOPURINE 


FOR ACUTE LEUKEMIA AND CHRONIC MYELOCYTIC LEUKEMIA 


‘Purinethol’ provides worth-while temporary remissions, either partial or complete, 
in a high percentage of patients. In general, a higher proportion of children than 
adults with acute leukemia respond favorably. 


Tablets of 50 mg. 


Facilities for complete and frequent blood counts must be available for patients 
receiving ‘Leukeran’, ‘Myleran’ or ‘Purinethol’. 


Full information about these products will be sent on request. 


K BURROUGHS WELLCOME & CO. (U.S.A.) INC., Tuckahoe, New York 





ACKNOWLEDGMENT 


The Editors gratefully acknowledge the generous assistance of the reviewers listed below: 


Denis Abelson 
Margaret J. Albrink 
Thomas P. Almy 
Julian L. Ambrus 


Christian B. Anfinsen, Jr. 


Irwin Arias 

Samuel P. Asper, Jr. 
Edwin B. Astwood 
Elisha Atkins 

Robert Austrian 

Earl S. Barker 

S. B. Barker 
Frederic C. Bartter 
Alex G. Bearn 
Albert R. Behnke 
Ivan L. Bennett, Jr. 
Edgar A. Bering, Jr. 
David L. Berliner 
Robert W. Berliner 
Solomon A. Berson 
Samuel P. Bessman 
Charles S. Best 
Maurice M. Best 
Ernest Beutler 
Richard J. Bing 
Walter L. Bloom 

L. W. Bluemle, Jr. 
Alfred J. Bollet 
Alfred M. Bongiovanni 
Stanley E. Bradley 
H. Leon Bradlow 
Ralph W. Brauer 
Eugene Braunwald 
Bernard B. Brodie 
William A. Brodsky 
Audrey K. Brown 
Josef Brozek 
George E. Burch 
Joseph H. Burchenal 
Belton A. Burrows 
Harris Busch 
George Cahill, Jr. 
Evan Calkins 
Richard B. Capps 
John V. Carbone 
Charles E. Carter 
George E. Cartwright 
I. L. Chaikoff 
Carleton B. Chapman 
R. M. Cherniack 
Amoz I. Chernoff 
John P. Chesick 
Barton Childs 
Francis P. Chinard 
Halvor N. Christensen 
Nicholas P. Christy 
William G. Clark 
George L. Cohn 
Charles C. Congdon 
C. Lockard Conley 
Harold O. Conn 


Robert E. Cooke 
Carl Cori 

Ernest Cotlove 
George C. Cotzias 
André Cournand 
William H. Crosby 
George L. Curran 
T. S. Danowski 
William J. Darby 
William H. Daughaday 
James O. Davis 
Robert P. Davis 
Hugh Davson 
Richard C. DeBodo 
Katherine Detre 
Lewis Dexter 
Vincent P. Dole 
Philip Dow 

Arthur B. DuBois 
Harriet P. Dustan 
David P. Earle, Jr. 
Richard V. Ebert 
Robert H. Ebert 
Robert E. Eckel 

I. S. Edelman 
Howard A. Eder 
Ludwig W. Ejichna 
Leonard P. Eliel 

J. Russell Elkinton 
Frank L. Engel 
William W. Engstrom 
John L. Fahey 
Saul J. Farber 
Gordon L. Farrell 
J. F. Fazekas 
Albert S. Field, Jr. 
Giles F. Filley 
Clement A. Finch 
Stuart C. Finch 
Jacob Fine 
Maxwell Finland 
Edward Fischel 
Alfred P. Fishman 
Robert A. Fishman 
Anthony P. Fletcher 
Robert E. Forster 
Ward S. Fowler 

D. S. Frederickson 
Lawrence R. Freedman 
Sinith Freeman 
Norbert Freinkel 
Edward D. Freis 
Harry W. Fritts, Jr. 
Donald L. Fry 


George L. Gabuzda, Jr. 


Thomas F. Gallagher 
James L. Gamble, Jr. 
Alfred Gellhorn 
Nicholas J. Giarman 
Gerhard Giebisch 
Alfred Gilman 


Harold S. Ginsberg 
Gabriel Godman 
Abner Golden 
Robert A. Good 
Robert S. Gordon, Jr. 
Richard Gorlin 

John B. Graham 
Robert P. Grant 
Frank D. Gray, Jr. 
Seymour J. Gray 
Robert H. Green 
M. Greenbach 

Jack Gross 

Charles M. Grossman 
Morton Grossman 
Samuel Gurin 
Alexander B. Gutman 
Arthur Guyton 
Lucien Guzé 
Thomas Hale Ham 
David A. Hamburg 
David Hamerman 
Leonard Hamilton 
W. F. Hamilton 
Milton W. Hamolsky 
Tinsley R. Harrison 
Phyllis M. Hartroft 
G. Baird Hastings 
Richard J. Havel 
Mark Hayes 

FE. C. Heath 

Henry O. Heinemann 
Leon Hellman 
Philip D. Henneman 
Walter Herrmann 
Albert Heyman 
Howard H. Hiatt 
John B. Hickam 
Jules Hirsch 
Halsted R. Holman 
R. T. Holman 

John Eager Howard 
William Huckabee 
Sidney H. Ingbar 
Franz J. Ingelfinger 
Dwight J. Ingle 
Harvey A. Itano 
Ernst Jaffé 

Joseph W. Jailer 
James H. Jandl 
Ernst Jawetz 

Alan Johnson 
William Jordan 
Herman M. Kalckar 
Edward H. Kass 
Louis Nelson Katz 
Madeline Keech 
Thomas J. Kennedy 
Grace P. Kerby 
Seymour S. Kety 
Ancel Keys 





David Kipnis 
William M. Kirby 
Gerald Klatskin 
Charles R. Kleeman 
Daniel L. Kline 
Ernest Knobil 

W. Engene Knox 
Saul Roy Korey 
Arthur Kornberg 
Philip Kramer 
Stephen M. Krane 
Henry G. Kunkel 
Laurence H. Kyle 
Ezra Lamdin 

Louis Lasagna 
Willoughby Lathem 
Alexander Leaf 
Irwin H. Lepow 
Aaron B. Lerner 
David Lester 
Walter F. Lever 
Howard Levitin 
Robert I. Levy 
Charles G. Lewellen 
Jessica H. Lewis 
Seymour Lieberman 
Averill A. Liebow 
Seymour Lipsky 
Irving M. London 
C. N. H. Long 
William D. Lotspeich 
Bertram A. Lowy 


John A. Luetscher, Jr. 


Maclyn McCarty 
Walsh McDermott 
Malcolm Mcllroy 
George F. Mahl 
Jeanne F. Manery 
Paul Marks 

Jere Mead 

Albert I. Mendeloff 
Karl Meyer 

John P. Merrill 
Claude J. Migeon 
Max Miller 

J. Haskell Milstone 
1. Arthur Mirsky 
Stanford Moore 
Gilbert H. Mudge 
E. E. Muirhead 
Patrick J. Mulrow 
H. V. Murdaugh 
Don H. Nelson 
Elliot V. Newman 
George Nichols, Jr 
Robert Nims 
Robert E. Olson 


Jack Orloff 

Irvine H. Page 
Solomon Papper 
William Parson 
John L. Patterson, J ¥; 
Ralph E. Peterson 
Eric Ponder 

Robert W. Quinn 
Hermann Rahn 
Lawrence G. Raisz 

J. E. Rall 

Charles H. Rammelkamp 
Helen M. Ranney 
Lowell M. Rantz 
Oscar D. Ratnoff 
Rulon W. Rawson 
Lillian Recant 
Floyd C. Rector, Jr. 
Walter Redisch 
Arnold S. Relman 
Albert E. Renold 
Telfer B. Reynolds 
Richard L. Riley 
Jacob Robbins 
Kathleen E. Roberts 
James B. Robertson 
Martin C. Rosenthal 
George G. Rowe 
Lewis Rowland 
Wayne Rundles 
Jane A. Russell 
Avery Sandberg 
John Sandson 

Leo A, Sapirstein 
Stanley J. Sarnoff 

J. J. Sayen 

David Schachter 

I. Herbert Scheinberg 
John J. Schneider 
George E. Schreiner 
Maxwell Schubert 
William B. Schwartz 
Walter H. Seegers 
Stanton Segal 
David G. Seligson 
Ewaid E. Selkurt 
A. Shaffer 

Sol Sherry 

Melvin V. Simpson 
Marvin D. Siperstein 
Joseph H. Skom 
Clement A. Smith 
A. E. Sobel 
Theodore Spaet 
Herta Spencer 
Howard M. Spiro 
W. S. Stadie 

John B. Stanbury 


Isaac Starr 

Kenneth Sterling 
Charles A. Stetson 
Maurice B. Strauss 
Albert Stunkard 

H. J. C. Swan 

Roy C. Swan, Jr. 
John V. Taggart 
Sylvia Tait 

John Talbott 

A. Raymond Terepka 
Lewis Thomas 
David Thompson 

N. W. Tietz 
William A. Tisdale 
Louis Tobian, Jr. 
Henry H. Tomizawa 
Gordon M. Tomkins 
T. Y. Toribara 
Theodore T. Tsaltas 
David Turner 
Sidney Udenfriend 
Roger H. Unger 
Bert L. Vallee 
Martha Vaughn 
Claude A. Villee, Jr. 
Richard W. Vilter 
Maurice B. Visscher 
Wade Volwiler 
William J. Waddell 
Robert Wagner 

K. G. Wakim 
William M. Wallace 
Mackenzie Walser 
Josef Warkany 
James V. Warren 
Levin L. Waters 
Donald M. Watkin 
Ralph Wedgwood 
Louis Weinstein 
Arnold D. Welch 
Louis G. Welt 
Laurence G. Wesson, Jr. 
Henry O. Wheeler 
Ulrich F. Westphal 
G. Donald Whedon 
H. L. White 

Walter S. Wilde 
Lawson Wilkins 

T. Franklin Williams 
Earl H. Wood 
James B. Wyngaarden 
Rosalyn S. Yalow 
Lawrence E. Young 
Norman Zamcheck 
Kenneth L. Zierler 
Charles G. Zubrod 





INHIBITION OF ALDOSTERONE SECRETION AND MODIFICA- 
TION OF ELECTROLYTE EXCRETION IN MAN BY A 
CHEMICAL INHIBITOR OF 11f- 
HYDROXYLATION * + 


By WILLIAM S. COPPAGE, Jr. DONALD ISLAND, MAUREEN SMITH anp 
GRANT W. LIDDLE 


(From the Department of Medicine, Vanderbilt University School of Medicine, 
Nashville, Tenn.) 


(Submitted for publication April 22, 1959; accepted August 20, 1959) 


In 1958 it was shown by Chart and associates 
(1) that 2-methyl-1,2-bis- (3-pyridy])-1-propanone 
(SU-4885) (Figure 1) when administered to dogs 
resulted in a striking, acute decrease in adreno- 
cortical secretion of cortisol. Subsequent studies 
in the dog (2) and in man (3) indicated that 
SU-4885 inhibited the 116-hydroxylation of cor- 
ticosteroids so that 11-desoxycortisol (compound 
S) tended to replace cortisol and 11-desoxycorti- 
costerone tended to replace corticosterone in the 
adrenal effluent. 
dro-) metabclites of compound S and desoxycor- 


The ring-A saturated (tetrahy- 


ticosterone (DOC) are not ordinarily present in 
measurable quantities in the urine, but during 
treatment with SU-4885 these steroids have been 
identified as major urinary steroids (3). 

In man, cortisol is the adrenal hormone of 
principal importance in restraining adrenocortico- 
tropic hormone (ACTH) secretion by the pitui- 
tary. By inducing a decrease in cortisol secretion, 
therefore, SU-4885 indirectly induces a measurable 
increase in ACTH secretion (4). Under the in- 
fluence of high levels of ACTH the SU-4885- 
inhibited adrenal gland secretes large quantities of 
11-desoxycorticosteroids (Figure 2). 

The steroid patterns produced by SU-4885 are 
similar to those observed by Eberlein and Bongio- 
vanni (5) in the hypertensive form of congenital 
adrenal hyperplasia, in which disease it is thought 
that 118-hydroxylation is defective, leading to a 
relative or absolute deficiency of cortisol secretion, 
a compensatory increase in ACTH secretion, and 


* Presented in part at the Annual Meeting of the 
Southern Society for Clinical Research, New Orleans, 
La., January 24, 1959. 

+ This study was supported in part by grants-in-aid 
from the National Institute of Arthritis and Metabolic 
Diseases (A-1748) and (2A-5092) and from the John A. 
Hartford Foundation, Inc. 


greatly excessive secretion of compound $, DOC 
and other 11-desoxysteroids. 

Since aldosterone is hydroxylated in the 118 
position, one might anticipate that its secretion 
would be inhibited by SU-4885 (Figure 3). A de- 
crease in secretion of this important mineralocorti- 


coid might be expected to lead to an increase in 


urinary sodium. The present report is concerned 
with a description of the effects of SU-4885 upon 
mineralocorticoid and electrolyte metabolism in 


man, 


MATERIALS AND METHODS 


Six normal young adults and nine hospitalized patients 
were studied while receiving diets which were constant 
from day to day. Complete 24 hour urine specimens, col- 
lected on ice or with thymol preservative, were analyzed 
within several hours after collection or were frozen until 
future SU-4885 orally. 
Whenever steroids were employed they too 


analysis. was administered 
were ad- 
ministered orally. Urinary aldosterone was measured by 
a modification of the method of Kliman and 
(6). Urinary pregnane-3,18,21-triol-11,20-dione was de 
termined by a modification of the method of Ulick, 
Laragh and Lieberman (7). 17,21-Dihydroxy-20-keto- 
steroids (17-hydroxycorticoids) were determined by the 
method of Silber and Porter (8). 
measured utilizing a color correction equation modified 


Peterson 


17-Ketosteroids were 
from Allen (9) applied to a methylene chloride extract 


of the Zimmermann chromogen developed by the proce 
dure of Callow, Callow and Emmens (10) on urine ex- 
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CHEMICAL STRUCTURE OF 2-METHYL-1 2-BIs-(3- 
PYRIDYL )-1-PROPANONE (SU-4885) 
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SU-4885 INHIBITION OF CorTISOL RESULTS IN 
INCREASE IN ACTH SEcRETION 


Fic. 2. 
“COMPENSATORY” 
ACTH in the presence of 11f-hydroxylase inhibition 

stimulates secretion of 11-desoxycorticosteroids such as 

11-desoxycortisol (compound S) and DOC. 


tracts prepared by the method of Drekter and associates 
(11). Steroid metabolites in the urine (tetrahydrocorti- 
sol, tetrahydrocortisone, tetrahydrodesoxycorticosterone 
and tetrahydro-compound S) were determined by meth- 
ods previously described (3). Urinary chloride was de- 
Sanderson 
flame 


termined by the potentiometric method of 
(12). 
photometry. 
method of Hawk, Oser and Summerson 


Sodium and potassium were analyzed by 
Urinary creatinine was determined by the 
(13). 


RESULTS 


Regardless of the experimental conditions, 
SU-4885 consistently caused decreases in urinary 
aldosterone levels. 
C-OH 
co 
---OH 


CORTISOL 
. -OH 
c=0 


COMPOUND S 
C-0n 
c=0 


2 
CORTICOSTERONE 


UNIDENTIFIED 
PRECURSOR 
o” 
ALDOSTERONE 
Fic. 3. Cortisot, CorTICOSTERONE AND ALDOSTERONE 
ARE ALL HypbROXYLATED IN THE 118-PosITION AND ARE 
THEREFORE SUSCEPTIBLE TO SU-4885 INHIBITION 


SMITH AND LIDDLE 


In individuals with intact pituitary-adrenal func- 
tion the administration of SU-4885 consistently re- 
sulted in the appearance of DOC in the blood and 
its metabolite tetrahydrodesoxycorticosterone in 
the urine. That this appearance of DOC was de- 
pendent upon increased secretion of ACTH has 
been shown previously (3) and was confirmed in 
this study by the fact that SU-4885 administration 
failed to result in the appearance of DOC in blood 
or urine when ACTH secretion was suppressed by 
prednisone or Dexamethasone®. 

| PREDNISONE 
2.5mg.Q4H 








SU-4885 
750 mg. 
Q3H 


URINARY 
x 


mEq./24hrs. 


URINARY 

No + 
mEq./24 hrs. 
URINARY 
TETRAHYDRO - 

boc 

mag. /241hrs. 
URINARY 
ALDOSTERONE 
MQ./24 bs. 
URINARY 
17-OHS 
mg. /24 hes. 








Fic. 4. IN NorMAL INDIVIDUAL ON LipeRAL SoprtuM 
INTAKE SU-4885 ALone Causep DOC SeEcrETION WITH 
SoptuM RETENTION AND PotasstuM Loss 

When prednisone was administered before and during 
SU-4885, no DOC was secreted and aldosterone inhibition 
was accompanied by sodium loss and potassium retention. 


Effects of SU-4885 in normal subjects on a liberal 
sodium intake 


Two normal individuals maintained on a con- 
stant high sodium intake received SU-4885. One 
of these subjects had a daily sodium intake of 200 
mEq. and received SU-4885 750 mg. every three 
hours for two days. The second subject had a 
daily sodium intake of 100 mEq. and was given 
SU-4885 500 mg. every four hours for three days. 
Both studies are tabulated in Table I. Figure 4 
illustrates the results of the first study. 

When Subject H. W. received SU-4885 as his 
only treatment, tetrahydro-DOC, which had been 
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TABLE | 


Effects of SU-4885* on urinary electrolytes and steroids in normal subjects on liberal sodium intake 


Potas- 


Treatment Creatinine Chloride sium 


mg./day 
27, normal man; 200 mEq. sodium diet 


0 1,860 
0 1,790 
0 2,100 
0 1,720 


204 97 
206 102 
177 99 
166 89 


5 \SU-4885, 750 mg. every 
6f 3hrs. 


2,070 
2,080 


118 
103 


168 
208 
215 
163 
184 
190 
150 
131 


0 1,960 
0 1/990 
0 2,160 
0 2050 
Prednisone}, ; 1,990 
Prednisone rue me: 2,100 
Prednisone (4 hre 2,100 
Prednisone} * ""* 1,960 


Prednisone 2.5 mg. 
every 4 hrs. and 
SU-4885, 750 mg. 


every 3 hrs. 


2,260 179 


2,060 
2,040 84 
2,000 82 


2,180 90 
1/950 191 


Prednisone 
38 Prednisone |*** 
39 Prednisone { 
40 Prednisone } 


J.J., 25, normal man; 100 mEq. sodium diet 


0 2,480 
0 2,350 
0 2,380 
0 2,430 


186 1 
220 1 
188 1 
190 1 


2,260 
2,340 
2,460 


181 
178 
184 


109 
108 
135 


% | SU-4885, 500 mg. every 
| 4hrs. 


8 0 
9 0 
10 0 


2,560 
2,220 
2,400 


180 
194 
203 


114 
114 
118 


* SU-4885 =2-methyl-1, 2-bis-(3-pyridiyl) 1-propanone. 


too low to measure during control periods, rose to 
easily appreciable levels. Simultaneously, large 
quantities of tetrahydro-S appeared in the urine, 
accounting for a large increase in total 17-hydroxy- 
corticoid excretion. Associated with the increase 
in DOC and compound § secretion there was a 
significant decrease in urinary sodium and an in- 
crease in urinary potassium. Urinary aldosterone 
fell with SU-4885 administration. Presumably 
the sodium retention and potassium loss were con- 


sequences of the increase in DOC secretion. 


mEq./day mEq./day mEq./day mg./day mg./day yg./day 


Tetra- 
hydro- 
cortisone 
plus 
tetra- 
hydro- 
cortisol 


Tetra- 

hydro 
desoxy 
cortico 

sterone 


17-Hy 

droxy- 
cortico- 
steroids 


Tetra- 

. hydro- 

17-Keto- compound 
Ss 


steroids 


Aldo- 
Sodium sterone 


mg./day mg./day  mg./day 


10 
11 
9 


/ 


14 


35 


30 
12 
10 
8 
4 
5 
5 
4 


i. 


unun 


101 
96 
85 


107 
79 
91 


101 
109 
103 


A somewhat different response was observed 
when treatment with SU-4885 was repeated while 
H.W. was receiving prednisone as a suppressor 
of ACTH. Under these conditions SU-4885 did 
not induce the appearance of measurable quanti- 
ties of tetrahydro-DOC or tetrahydro-S in the 
urine. Once again urinary aldosterone fell with 
SU-4885 administration. and chloride 
excretion increased and potassium excretion de- 


Sodium 


creased, presumably as consequences of decreased 
aldosterone secretion. 
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TABLE II 


Effects of SU-4885* and prednisone on urinary electrolytes and steroids in 
two normal subjects on constant 9 mEq. sodium diets 


Tetra- 
hydro- 
cortisone Tetra 
17-Hy Pregnan plus Tetra hydro- 
droxy 3.18, 21-  tetra- hydro- desoxy- 
Potas cortico- 17-Keto- Aldo triol-11, hydro- compound  cortico 
Treatment Creatinine Chloride sium Sodium steroids steroids sterone 20-dione cortisol S sterone 


No mg./day mEq./day mEq./day mEq./day mg./day mg./day wg./day pe./day mg./day mg./day meg./day 
H.W., 27, normal man 
Prednisone 1,560 : 50 
Prednisone |" 0” 1,330 ; 48 
Prednisone (S\" 1,460 51 
Prednisone } j 1,420 47 
Prednisone 2.5 mg. 1,470 f 39 
every 8 hrs. and 1,730 81 
SU-4885, 500 mg. 1,460 83 
every 4 hrs 
Prednisone 1,430 8 67 
Prednisone |\""~ 1,880 
Prednisone 3 1,260 
Prednisone ‘ 1,480 
Prednisone 1,500 
Prednisone 1,480 
Prednisone | 2.5 mg. 1,415 
Prednisone severy 1,440 
Prednisone 4 hrs. 1,430 
Prednisone 1,375 
Prednisone 1,690 


50 
43 
43 
49 
10 
11 
0 1.8 
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37 
45 
42 
50 


wWOOwm WwWwumntd Oo uuu 


mnt unui U1 I 1 00 00 


OUITIWWNHE RWW Pw 
NWN WWWWw Ue & OO 


PMA TID OOD UI DH 


an 
WON inn 
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Prednisone 2.5mg. and 1,310 
SU-4885, 500 mg. 1,690 
every 4 hrs 1,495 


te te 
“IN Ww 
ADAAN 


“Ions 
> ~ 
SS-~+ 


Prednisone), - 77 
Prednisone 7( 


/ 
/ 
1; 
/ 


— KD 
-—-OonN 


NE Ow ee 


-_ Our 


Prednisone 
. s8 4 hrs. , 
Prednisone . 


wn 


, 25, normal man 


Prednisone 1,810 
Prednisone | 1,716 
Prednisone 1,760 
Prednisone |~"~ >” 1,610 
Prednisone (“Y"> 2,120 
Prednisone ; 2,680 
Prednisone 2,440 
Prednisone } 1,760 


NMR RK Wrn~ 
YUIinmTIs3 000 Coss 
CO~100 5 un 


coos 


Prednisone 2.5 mg 2,230 
every 4 hrs. and 1,950 
SU-4885, 500 mg. 
every 4 hrs. 1,910 


Prednisone 1,915 
Prednisone | 2.5 mg 1,610 
Prednisone every 1,670 
Prednisone! 4 hrs 1,600 
Prednisone } 1,635 
Prednisone} - 1,920 
Prednisone wl tc 1,680 
Prednisone re £u 1,880 
Prednisone} * ™* 1,905 


ye 
Sw 


5 
= 


BO BODO BDO me ee ee es ee 
mn & wh 
oO 0 Hoo 


Vik wr a 


Prednisone 5 mg. 1,850 
every 4 hrs. and 1,950 
SU 4885, 500 mg 
every 4 hrs 1,630 
Prednisone 5 1,720 
30 Prednisone |~ 1,670 
31 Prednisone (©Y*" 
32 Prednisone} a: 1,800 


an CH AMAAUMUMNMADA 
~“I~I 0 ~IsI ~100 


~ 


* See footnote Table I. 
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When Subject J. J. received SU-4885 alone, 
tetrahydro-DOC and tetrahydro-S appeared in the 
urine in large quantities and once again there was 
a definite decrease in urinary aldosterone. Little 
change was noted in urinary sodium, chloride or 
potassium levels. Presumably in this particular 
study the rise in DOC secretion offset the fall in 
aldosterone with respect to effects on electrolyte 
excretion. 


Effects of SU-4885 in normal subjects with high 
aldosterone levels secondary to low sodium 
intake 


Restriction of dietary sodium in the normal in- 
dividual has been shown to result in a decrease in 
urinary sodium and a rise in urinary aldosterone, 
which in our experience has been maintained for 


as long as sodium is rigidly withheld. One nor- 


H.W. 


PREDNISONE 
MG./24 HRS. 


URINARY 
No* 
mEq /24 HRS. 





URINARY 
xt 
m Eq/24 HRS. 


URINARY 
ALDOSTERONE 
49/24 HRS. 


URINARY 


URINARY 20 
TETRAHYDRO- 46 


boc 
MG./ 24 HRS. 
URINARY 
17-OHS 
MG/24 HRS. 
123.4 5 6 7 BB 101) 12 13 14 15 16 17 16 1920 21 22 23 2425 


DAY 

Fic. 5. Urinary STEROID AND ELECTROLYTE VALUES 
oF A NorMAL MAN MAINTAINED ON A ConsTANT Low 
Soprum Diet 

During the first portion of the study prednisone in 
dosage of 2.5 mg. every eight hours failed to suppress 
completely the secretion of DOC in response to SU-4885. 
Although aldosterone levels fell, sodium diuresis was 
trivial and potassium excretion increased. During the 
second portion of the study prednisone in dosage of 
2.5 mg. every four hours prevented secretion of DOC, so 
that as aldosterone levels fell there occurred a marked 
increase in urinary sodium accompanied by a decrease 
in urinary potassium. 


2105 


ne DEXAMETHASON 
PRIMARY 
ALDOSTERONISM 


: 
| 


URINARY 
No* 
mEq. /24 hrs. 


URINARY 
xt 


mEq. / 24 hrs. 


URINARY 
TETRAHYORO- 
boc 


mq /24 bes 


URINARY 
ALDOSTERONE 50 
49./24 hrs. 
4 15 
Day 


ALDo- 
WAS 


Fic. 6. IN THIS PATIENT PRIMARY 
STERONISM SU-4885 INHIBITION OF ALDOSTERONE 
ASSOCIATED WITH PoTASSIUM RETENTION 

The effect was more marked 
was precluded by Dexamethasone®. 


WITH 


when DOC secretion 


mal young woman taking a constant diet contain- 
ing 9 mEq. of sodium per day was treated with 
SU-4885 in dosage of 500 mg. every four hours 
for two days. No ACTH suppressor was em- 
ployed. During treatment with SU-4885 urinary 
tetrahydrodesoxycorticosterone rose from unmeas- 
urable levels to 1.1 mg. per 24 hours. Urinary 
aldosterone fell from 21 yg. prior to treatment to 
6 pg. per 24 hours on the first day and then rose 
again to 20 pg. on the second day of treatment. 
No significant changes in urinary sodium or po- 
tassium were noted during SU-4885 administra- 
tion. 

Two other normal subjects on low sodium diet 
were studied while receiving prednisone as a 
suppressor of ACTH. The results are tabulated 
in Table II. Figure 5 illustrates one such study, 
which can best be considered in two parts. In the 
first half of the study the subject received only 
7.5 mg. prednisone per day. That this was in- 
sufficient to suppress ACTH secretion completely 
is evidenced by the marked increase in urinary 
levels of tetrahydrodesoxycorticosterone and tetra- 
hydro-compound S which occurred during treat- 
ment with SU-4885. Despite the fact that urinary 
aldosterone decreased from 18 pg. per 24 hours to 
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less than 3 yg. per 24 hours and the urinary me- sium excretion increased during treatment with 
tabolite of aldosterone, pregnane-3,18,21-triol-11,  SU-4885. 

20-dione, fell from 49 yg. to less than 10 yg. per During the second half of the study the dose 
24 hours, sodium diuresis was trivial and potas- of prednisone was increased to 15 mg. per day. 


TABLE III 


Effects of SU-4885,* with and without ACTH-suppressing steroids, in patients with secondary hyperaldosteronism 


17-Hydroxycortico- 17-Keto 
Day Treatment Volume Potassium Sodium steroids steroids 
No ml./day mEq./day mEq./day me./day mg./day 
L.T., 50, Laennec’s cirrhosis, ascites; 22 mEq. sodium diet 
0 3,350 97 
0 2,940 
0 2,960 


‘ 
H SU-4885, 750 mg. every 4 hrs. 


6 0 
7 0 


pw, 
0 
2 0 
3 0 


4 \Su-488s, 500 mg. every 4 hrs. 


6 0 1,950 
7 0 750 


J.M., 40, nephrosis, edema; 22 mEq. sodium diet 


Prednisone 2,000 
Prednisone | - _— 1,500 
Prednisone {> ™8- every § hrs 1,710 
Prednisone } 1,770 


Prednisone, 5 mg every 1,310 
and 1,920 
SU-4885, 500 mg. eve. 4 hrs 2,110 


~~ 
~ 


Prednisone 
Prednisone 
Prednisone }5 meg. « 
Prednisone 
Prednisone 


Naw 
A ~~ 


bad te pen Gm pe 
Aunuwust 


36, postnecrotic cirrhosis, ascites; 22 mEq. sodium diet 


0 1,180 
0 1,260 
0 1,520 


Dexamethasone® 
Dexamethasone® }0.5 mg. every 8 hrs. 
Dexamethasone® } 


Dexamethasone® 0.5 mg. every 8 hrs. 
and 
SU-4885, 750 mg. every 3 hrs. 


10 Dexamethasone® 
11 Dexamethasone® 
12 Dexamethasone® | 
13 Dexamethasone® 1,180 


0.5 mg. every 8 hrs. 


* See footnote, Table I. 
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SU- 4885 
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Q4H 








Fic. 7. 


STERONISM, 





IN THIS PATIENT WITH NEPHROSIS AND SECONDARY HyYPERALDO- 
SU-4885 INHIBITION OF ALDOSTERONE RESULTED IN SODIUM 


DriurESISs WHEN DOC SECRETION WAS PREVENTED BY PREDNISONE 


This time no tetrahydrodesoxycorticosterone was 
measurable in the urine either before or during 
SU-4885 treatment. Once more SU-4885 in- 
duced a striking fall in urinary aldosterone and 
pregnane-3,18,21-triol-11,20-dione; this time the 
fall in aldosterone was accompanied by an une- 
quivocal increase in urinary sodium and decrease 
in urinary potassium. 


Effects of SU-4885 in a patient with primary hy- 
peraldosteronism 


The effect of SU-4885 was studied in one pa- 
tient with primary hyperaldosteronism, proven at 
operation to be due to a benign adrenocortical 
adenoma (Figure 6). The patient was a 32 year 
old woman with hypertension, cardiac arrhythmias, 
and hypokalemia despite potassium supplements. 
On a constant diet containing 100 mEq. sodium 
and 128 mEq. potassium, here urinary aldosterone 
averaged 49 yg. per 24 hours. In the absence 
of any ACTH suppressors, SU-4885 in dosage of 
500 mg. every four hours for two days resulted in 
a striking fall in aldosterone to 4 wg. per day and 
a rise in tetrahydrodesoxycorticosterone to 1.9 
mg. per 
slightly. 

In a subsequent portion of the study the pa- 
tient was given Dexamethasone® 0.5 mg. every 
eight hours as a suppressor of ACTH. Again a 
marked fall in urinary aldosterone was observed 
during treatment with SU-4885 but this time a 
measurable quantity of tetrahydrodesoxycortico- 


day. Urinary potassium decreased 


sterone failed to appear in the urine. Urinary po- 
tassium fell sharply during treatment with SU- 
4885 and rose again following withdrawal of SU- 
4885. Despite the impressive effect of SU-4885 
on urinary aldosterone and potassium, no ap- 
preciable change in urinary sodium occurred. 


Effects of SU-4885 in patients with secondary 
hyperaldosteronism 


Four patients with secondary hyperaldosteron- 
ism and edema have been studied (Table III). 
In Patient L.T., a man with Laennec’s cirrhosis, 
ascites, and marked sodium retention, the adminis- 
tration of SU-4885 without any ACTH suppressor 
caused urinary potassium to fall from 80 mEq. 
per day to 47 mEq. per day, but urinary sodium 
did not change significantly. In Patient J.W., a 
man with arteriosclerotic heart disease and edema, 
sodium retention occurred in response to SU-4885 
administered in the absence of any suppressors 
of ACTH. Two edematous patients, J.M. and 
L.M., were receiving ACTH-suppressing steroids 
when SU-4885 was administered. In both cases 
treatment with SU-4885 resulted in a significant 
increase in sodium excretion (Figure 7). In pa- 
tients with secondary hyperaldosteronism and 
near-maximal tubular reabsorption of sodium the 
SU-4885-induced increase in sodium excretion 
has sometimes been as much as 20-fold over base- 
line excretion, but even this has not constituted 


enough of a diuresis to be worthwhile from the 


standpoint of clinical therapy. 
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- ADDISON'S DISEASE 
ON CORTISONE AND DOC 


URINARY 
No* 

mEQ/24 hrs 

URINARY 
Kt 


MEQ./24 hrs 


URINARY 
17-OHS 3 
MG./24hrs. 4 


Fic. 8. 





DAY 


Lack oF Errect or SU-4885 In PATIENT witH AppDISON’s DISEASE 


This patient was maintained on a constant high sodium diet, cortisone acetate 
50 mg. (intramuscular) daily and DOC-trimethylacetate 50 mg. (intramuscular ) 


every four weeks. 


SU-4885 administration in Addison’s disease 


If it is assumed that the effects of SU-4885 on 
sodium and potassium excretion are the mani- 
festations of altered mineralocorticoid metabolism 
due to inhibition of adrenocortical 118-hydroxy- 
lase, the presence of the adrenal cortex is a re- 
quisite for its action. To exclude the possibility 
that SU-4885 might 
electrolyte-regulating function, it was given to a 


have some extra-adrenal 
bilaterally adrenalectomized patient maintained on 
salt, cortisone and DOC-trimethylacetate (Fig- 
ure 8). There was no significant change in uri- 
nary sodium, potassium, 17-hydroxycorticoids or 


17-ketosteroids. 


DISCUSSION 


SU-4885 is a potent inhibitor of 118-hydroxyla- 
tion of adrenal steroids. By inhibiting 11-hy- 
droxylation it interferes with the secretion of three 
corticosterone 


major adrenal steroids—cortisol, 


and aldosterone. The level of circulating cortisol 
controls ACTH release. Therefore a “compensa- 
tory” increase in ACTH secretion occurs as a con- 
sequence of the SU-4885-induced decrease in cor- 
tisol secretion. In the dosages employed in this 
study SU-4885 does not completely block 11£- 
hydroxylation, so that under the influence of high 
levels of ACTH the secretion of cortisol gradually 
At the 
same time, however, the high levels of ACTH act- 
ing upon the SU-4885-inhibited adrenals bring 


(within a day or so) returns to normal. 


about the secretion of compound S and desoxy- 
corticosterone at rates far beyond the normal 
range. Compound §S has neither significant gluco- 
corticoid nor mineralocorticoid activity (14), but 
DOC is a potent SU-4885 
treatment of individuals with normal pituitary 


mineralocorticoid. 


function results, then, in inhibition of one mineral- 
ocorticoid, aldosterone, and enhanced secretion of 
When DOC se- 
cretion predominates, sodium retention and potas- 
sium loss occur. When aldosterone inhibition pre- 


another, desoxycorticosterone. 


dominates, sodium loss and potassium retention 
occur. The net effect of SU-4885 on electrolytes 
represents the algebraic sum of its DOC-promot- 
ing and aldosterone-inhibiting actions. 

The inhibition of aldosterone by SU-4885 is a 
primary effect, i.e., a consequence of direct action 
of the compound on the adrenal cortex and not 


merely a secondary compensation for DOC-in- 


duced sodium retention, for it was observed in 
every instance, whether or not DOC was con- 
comitantly being secreted and whether or not so- 
dium retention occurred. Conceivably, a de- 
crease in aldosterone secretion might also occur 
in part as an indirect effect whenever SU-4885- 
induced secretion of DOC results in significant 
sodium retention. 

In order to study the effects of SU-4885 upon 
aldosterone secretion it was necessary to establish 
conditions that would preclude the secretion of 
large amounts of DOC in response to SU-4885. 


At this point advantage was taken of the fact that 





INHIBITION OF ALDOSTERONE SECRETION 


aldosterone secretion and DOC secretion are regu- 
DOC secre- 
tion is under the influence of ACTH, whereas 
aldosterone secretion is regulated by an extra- 
pituitary (15). When 
amounts of ACTH-suppressing steroids such as 
prednisone or 


lated through different mechanisms. 


mechanism sufficient 


Dexamethasone® were given, 
DOC secretion was precluded; aldosterone se- 
cretion remained unaffected, however, and it be- 
came possible to study the effect of the 118-hy- 
droxylase inhibitor upon aldosterone secretion as 
an isolated phenomenon, 

It is noteworthy that inhibition of aldosterone 
secretion by SU-4885 caused sodium loss and po- 
tassium individual on a 
liberal sodium diet (Figure 4) as well as in those 
The thesis that aldosterone 
may have an appreciable effect upon renal func- 


retention in a normal 


on low sodium diets. 


tion in the normal individual on liberal sodium in- 
take has found independent support in studies 
with the steroid-17-spirolactones (16). These 
“aldosterone antagonists” induce sodium loss only 
in the presence of aldosterone or aldosterone-like 
steroids (17). They are without effect in patients 
with untreated Addison’s disease but have ap- 
preciable effect in normal individuals or patients 
with Addison’s disease who are pretreated with 
DOC. 
viduals who are secreting large amounts of aldos- 


The effects are most conspicuous in indi- 


terone but are also appreciable in normal individu- 
als in whom only small amounts of aldosterone 
are being secreted owing to a liberal intake of 
sodium. 

In patients with secondary hyperaldosteronism 
associated either with dietary sodium restriction 
or pathological “edema-forming” states, SU-4885 
had little effect upon sodium or potassium excre- 


tion in the absence of ACTH suppression. Pre- 


sumably the inhibition of aldosterone synthesis did 


not, under these conditions, lead to sodium diuresis 
because large quantities of DOC were secreted in 
response to SU-4885. The concurrent administra- 
tion of ACTH-suppressive steroids with SU-4885 
allowed aldosterone inhibition to predominate and 
led to sodium diuresis and potassium retention 
(Figures 5, 7). 

The failure of sodium diuresis to occur after 
SU-4885, even with ACTH suppression, in the 
patient with primary hyperaldosteronism is of con- 
siderable interest. This patient also responded to 


2109 


the steroid-17-spirolactones with conspicuous po- 
tassium retention and relatively little sodium diu- 
resis, whereas most individuals show principally 
sodium diuresis in response to the “aldosterone 
antagonists.” 


SUMMARY 


1). 2-Methyl-1,2-bis-(3-pyridyl) -1-propanone 
(SU-4885) is a potent inhibitor of 118-hydroxyla- 
tion of steroids in man. 

2). Asa result, SU-4885 interferes with adren- 
ocortical synthesis and secretion of three major 
adrenal _ steroids—cortisol, corticosterone and 
aldosterone. 

3). Since cortisol controls adrenocorticotropic 
hormone (ACTH) release, administration of 
SU-4885 gives rise to a compensatory increase in 
ACTH. 

4). In the presence of inhibition of 11f-hy- 
droxylation, ACTH promotes secretion of desoxy- 
corticosterone (DOC) and 11-desoxycortisol, the 
former a potent mineralocorticoid. 

5). The net effect of SU-4885 on electrolyte ex- 
cretion is the algebraic sum of its DOC-promoting 
and aldosterone-inhibiting activities. 


ACKNOWLEDGMENT 


The SU-4885 employed in this study was provided 
through the generosity of Dr. C. H. Sullivan, Ciba Phar- 
maceutical Products, Inc., Summit, N. J. 


REFERENCES 


. Chart, J. J., Sheppard, H., Allen, M. J., Bencze, W. 
L., and Gaunt, R. New amphenone analogs as 
adrenocortical inhibitors. Experientia (Basel) 

1958, 14, 151. 

. Jenkins, J. S., Meakin, J. W., Nelson, D. H., and 
Thorn, G. W. Inhibition of adrenal steroid 11- 
oxygenation in the dog. Science 1958, 128, 478. 

3. Liddle, G. W., Island, D., Lance, E. M., and Harris, 
A. P. Alterations of adrenal steroid patterns in 
man resulting from treatment with a chemical in- 
hibitor of 118-hydroxylation. J. clin. Endocr. 1958, 
18, 906. 

. Liddle, G. W., Royce, P., and Sayers, G. Unpublished 
observations. 

5. Eberlein, W. R., and Bongiovanni, A. M. Plasma 
and urinary corticosteroids in the hypertensive 
form of congenital adrenal hyperplasia. J. 
Chem. 1956, 223, 85. 

». Kliman, B., and Peterson, R. E. 
assay of aldosterone in biological extracts. 
Proc. 1958, 17, 255. 


biol. 


Isotope derivative 
Fed. 





2110 


7. Ulick, S., Laragh, J. H., and Lieberman, S. The iso- 
lation of a urinary metabolite of aldosterone and its 
use to measure the rate of secretion of aldosterone 
by the adrenal cortex of man. Trans. Ass. Amer. 
Phycns 1958, 71, 225. 

8. Silber, R. H., and Porter, C. C. The determination of 
17,21-dihydroxy-20-ketosteroids in urine and 
plasma. J. biol. Chem. 1954, 210, 923. 

9. Allen, W. M. 
cated absorption curves, of use in colorimetric de- 
terminations of urinary steroids. J. clin. Endocr. 
1950, 10, 71. 

10. Callow, N. H., Callow, R. K., and Emmens, C. W. 
Colorimetric determination of substances contain- 


A simple method for analyzing compli- 


ing grouping —CH,-CO-— in urine extracts as indi- 

cations of androgen content. Biochem. J. 1938, 
32, 1312. 

11. Drekter, I. J., Heisler, A., Scism, G. R., Stern, S., 
Pearson, S., and McGavack, T. H. The determina- 
tion of urinary steroids. I. Preparation of pigment- 
free extracts and a simplified procedure for the es- 
timation of total 17-ketosteroids. J. clin. Endocr. 
1952, 12, 55. 


COPPAGE, JR., ISLAND, 


SMITH AND LIDDLE 


Potentiometric determination of 
Biochem. J. 1952, 


12. Sanderson, P. H. 
chloride in biological fluids. 
52, 502. 

3. Hawk, P. B., Oser, B. L., 
Practical Physiological Chemistry, 12th ed. 
delphia, Blakiston, 1947, p. 839. 

. Terry, L. L., and London, F. 


and Summerson, W. H. 
Phila- 


Effects of Reichstein’s 

compound S, pregnenetriolone acetate, and 17-a 
hydroxyprogesterone in rheumatoid arthritis. 
Proc. Soc. exp. Biol. (N. Y.) 1950, 73, 251. 

5. Liddle, G. W., Duncan, L. E., Jr., and Bartter, F. C. 
Dual mechanism regulating adrenocortical function 
in man. Amer. J. Med. 1956, 21, 380. 

6. Conn, J. W., Louis, L. H., Fajans, S. S., Streeten, 
D. H. P., Johnson, R. D., Moorhouse, J. R., Crane, 
M. G., Berker, A. F., and Ramirez, E. 


effects in normal men and in primary aldosteronism 


Metabolic 


of a synthetic “aldosterone antagonist” (abstract). 
J. Lab. clin. Med. 1958, 52, 805. 

7. Liddle, G. W. Aldosterone antagonists. 
tern. Med. 1958, 102, 998. 


Arch. in- 


SPECIAL NOTICE TO SUBSCRIBERS 


Post Offices will no longer forward the Journal when you move. 


Please notify The Journal of Clinical Investigation, Business 
Office, 333 Cedar Street, New Haven 11, Conn., at once when you 
have a change of address, and do not omit the zone number if 
there is one. 





STUDIES ON ISOCITRIC AND LACTIC DEHYDROGENASES IN 
EXPERIMENTAL MYOCARDIAL INFARCTION * + 


By PAUL E. STRANDJORD,{ KENNETH E. THOMAS ¢ anp LAURENS P. WHITE§ 


(From the Department of Medicine, Stanford University School of Medicine, 
San Francisco, Calif.) 


(Submitted for publication June 2, 1959; accepted June 19, 1959) 


It was the purpose of this investigation to at- 
tempt to explain the curious pattern of serum en- 
zyme activity which has been seen clinically fol- 
lowing myocardial infarction. This pattern, which 
consists of fairly uniform elevations of the activity 
of lactic dehydrogenase (LDH) (1-3), glutamic- 
oxaloacetic transaminase (GOT) (46) and al- 
dolase (1), contrasts sharply with the failure to 
demonstrate increased activity of isocitric dehy- 
drogenase (ICD) (6-8). Since myocardium has 
been reported rich in ICD activity (7, 9), and 
since it has been assumed that the increase in se- 
rum enzyme activity following myocardial infare- 
tion has been related to the release of the en- 
zyme contents of the damaged tissue (10, 11), it 
appeared that ICD either failed to leave the dam- 
aged cells or, if it were liberated, that it had a fate 
in serum different from that of LDH or GOT. 
The elevation of serum ICD activity in liver dis- 
ase has been well documented (7, 8), and there- 
fore the failure to demonstrate increased ICD 
activity after myocardial infarction was even more 
striking. 

The investigation to be reported was designed 
to provide answers to the following questions. 
1) Is ICD released into the blood after myocardial 
infarction? 2) What is the fate of ICD and of 
LDH in blood following myocardial infarction? 
3) At what rates are exogenously administered 
enzymes cleared from the blood of normal animals ? 
4) Is the rate of “clearance” altered following 
hepatectomy or nephrectomy? Experiments were 
divided into two parts: 7) the production of ex- 
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+ This paper is the sixth in a series of investigations 
on serum enzymes. 

t Present address: Department of Medicine, University 
of Minnesota Hospitals, Minneapolis, Minn. 

§ Present address: Children’s Cancer Research Foun- 
dation, Boston, Mass. 


perimental myocardial infarctions in dogs, with 
the study of serum activity of ICD and LDH in 
coronary sinus and vena cava blood, and com- 
parison of the activity of these enzymes in normal 
and infarcted myocardium; 2) a study of the 
rates of “clearance” of ICD and LDH after intra- 
venous injection in normal and in hepatectomized 
and nephrectomized dogs. 


METHODS 


General procedures. Unselected mongrel dogs, weigh- 
ing between 10 and 18 Kg., were used. All surgical 
procedures were performed under pentobarbital sodium 
anesthesia (30 mg. per Kg.) and dogs employed in ex- 
periments requiring thoracotomies received oxygen un- 
der positive pressure. 

Blood samples for enzyme assay were drawn through 
No. 10 French siliconized, polyethylene catheters. Each 
sample was centrifuged and the serum was carefully 
separated and recentrifuged to insure that no cells re- 
mained as contaminants. Sera were frozen immediately 
following centrifugation and the enzyme activity was as- 
sayed within one week of the time of collection. ICD 
was assayed using the method of Wolfson and Williams- 
Ashman (12), and activity was expressed as millimicro- 
moles of triphosphopyridine nucleotide reduced per mil- 
liliter of serum per hour. LDH activity was determined 
with a modification of the method of Hill and Levi as 
described previously (1), and activity was expressed as 
the change in optical density per 0.01 ml. of serum per 
30 minutes. The error of the determination of enzyme 
activity as based on duplicates of the same sample is 
about 5 per cent for ICD and about 2 per cent for LDH. 

Open chest myocardial infarction procedure. 
ing a left lateral thoracotomy incision, a catheter was 
guided into the coronary sinus via the right external 
jugular vein. The catheter was secured with 40 silk to 
the wall of the coronary sinus. A second catheter was 
guided into the superior vena cava through the left ex- 
ternal jugular vein. The circumflex branch of the left 
coronary artery was exposed and dissected free. This 
branch was selected for ligation, because its occlusion 
produces a homogeneous infarct in the posterior papil- 
lary muscle (13). Homogeneous infarcts were desired 
to permit accurate appraisal of enzyme activity in in- 
farcted myocardium. 

Six dogs were subjected to coronary ligation at the 
time of thoracotomy. 


Empley- 


Ligatures were placed within 1 
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Fic. 1. Apparatus EMPLOYED IN THE PRODUCTION OF 
CLosep Cuest MyocarpiaAL INFARCTIONS 


The apparatus consisted of a 2 cm 


segment of poly- 
ethylene tubing attached at right angles to a rubber tube 
of sufficient length to extend from the heart to the chest 
wall. Tightening the nylon loop compressed the artery 
against the base of the polyethylene tube, producing coro 
nary occlusion. 

cm. of the coronary ostia. Five dogs developed ventricu 
lar fibrillation shortly after ligation; however, three of 
them were successfully defibrillated with electric shock. 
Ine dog, which developed acute heart failure and died 
four hours after ligation, was discarded. Dogs were fol- 


lowed continually with electrocardiograph recordings 
Within an hour after ligation the chests were closed and 
the animals were permitted to recover. Samples were 
taken from the coronary sinus and vena cava following 
infarction at 2.5, 8, 16, 24, 36 and 48 hours 


samples were drawn every 24 hours until the dogs died 


Thereafter, 


or were sacrificed. 
Closed 
four 


Closed chest myocardial infarction procedure. 


chest myocardial infarctions were performed on 


dogs. After the circumflex artery was exposed, a loop 
of No. 2 braided nylon was placed around the artery 
about 3 cm. from the ostium and threaded into the in- 
farction apparatus illustrated in Figure 1. The apparatus 
was secured to the myocardial fat pads with 4-0 silk, and 
the rubber tube containing the long end of the nylon 
loop was brought out through the chest wall and se- 
cured. This apparatus effectively produced occlusion in 
all of the animals studied and prevented the breaking of 
pleural adhesions 


which have sometimes complicated closed chest 


ligatures and tearing of lungs and 
nyo- 
cardial infarctions produced by the overhand knot tech- 


nique (11, 14). Coronary sinus and vena cava catheters 
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were filled twice daily with sodium heparin to prevent 
When the enzyme activity returned to pre- 
operative levels, usually within five days, the dogs were 


clotting. 


anesthetized as previously described and placed on posi- 

Five minutes prior to tightening 
intravenous started. 
This infusion, which contained papaverine hydrochloride, 


tive pressure oxygen. 
the nylon loop an infusion was 
8 to 10 mg. per Kg. diluted in 50 ml. of normal saline, 
was administered at a constant rate over a 10 minute 
According to the studies of McEachern, Smith 


and Manning, papaverine hydrochloride decreases sig- 


period. 


nificantly the mortality rate following circumflex artery 
All dogs were followed with 
tracings and 


occlusion in the dog (15). 


electrocardiograph serial blood samples 


were drawn as described above. Two dogs developed 
ventricular fibrillation and died. Atrial fibrillation was 
treated with lanatoside C; ventricular tachycardia was 
treated with procaine amide. 

Myocardial enzyme assays. Assays of enzyme activity 
in myocardial tissue were performed on homogenates of 
tissue. Weighed samples of infarcted and normal myo- 


cardium were minced, and homogenized in a 


Potter-Elvejem apparatus as described by Meister (16). 


finely 


After centrifugation at 5,000 G for 60 minutes, enzyme 
assays were performed on the supernatant. Activities 
protein content, and the 


determined by the 


were expressed in terms of 


protein content was quantitative 
turbidimetric method of Bossak, Rosenberg and Harris 
(17). 

Hepatectomy procedure. 
formed on five dogs, employing a modification of the pro- 


cedure described by Firor and Stinson (18). 


Total hepatectomies were per- 


A thoraco- 
abdominal approach was employed as it offered better 
exposure than the midline incision originally described. A 
siliconized glass “Y” tube was utilized to bypass the 
liver. Prior to dividing the portal vein, 5 ml. of 1 to 
500,000 epinephrine was injected intraportally to mini- 
mize hepatic congestion, thereby decreasing the blood 
loss during hepatectomy. McMichael demonstrated that 
liver volume could be reduced by as much as 50 per cent 
following the intraportal injection of epinephrine (19). 

Nephrectomy procedure. 
performed on two dogs. 


Bilateral nephrectomies were 
A midline abdominal incision 
was used to avoid cutting muscles and the consequent 
The kidneys 
were exposed and, after the pedicles were ligated and 


liberation of enzymes into the circulation. 


divided, the kidneys were removed. 
Injection studies. With the exception of the portal 
through a 
Portal 


small 


vein studies, enzymes were injected poly- 
vein in- 
jections catheter 
threaded into the portal vein through a mesenteric vein. 


In dogs, Sigma ! ICD, 0.4 to 0.7 mg. per Kg., and NBC 2 


ethylene catheter into the vena cava. 


were administered through a 


1 The isocitric dehydrogenase used in these experiments 
was extracted from pig hearts by the Sigma Chemical 
Company of St. Louis, Mo., and was provided through 
the courtesy of Mr. Dan Broida. 

2 The lactic dehydrogenase was extracted from rabbit 
hearts by the Nutritional Biochemicals Corporation of 
Cleveland, Ohio. 





STUDIES ON ICD AND LDH IN MYOCARDIAL INFARCTION 


TABLE I 


Open chest myocardial infarction 


Dog. No. 27 (15.5 Kg. male) 


Coronary sinus Vena cava 


Time ICD* LDH* I1cD LDH ICD 


160 45 160 46 160 
48 215 47 
300 50 
430 = 127 
650 =:141 
1,080 154 
920 39 
180 38 
200 36 
240 32 


Preinfarction 
Postinfarction: 
2.5 hrs. 
8 hrs. 
16 hrs. 
24 hrs. 
48 hrs. 
76 hrs. 
96 hrs. 
124 hrs. 
150 hrs. 


260 
970 


240 
475 53 
650 126 
680 =148 
1,080 170 
970 70 
190 44 
215 38 
240 34 


* ICD =isocitric dehydrogenase ; LDH = lactic dehydrogenase. 


LDH, 0.1 to 0.2 ml. per Kg., were injected simultaneously 
over 10 minute intervals. Serial samples were drawn at 
2, 10, 20, 40, 60, 90, 180, 240 and 420 minutes. 

Several rabbits were studied to determine the normal 
“clearance” curves of ICD and LDH in a species other 
than the dog. The ICD employed was extracted from 
rabbit hearts and preserved by lyophilization according 
to the method of Ochoa (20). 


LOH CD) 
60 330; 
50 270 
40 210; 


30 150 





Dog No. 28 (12.6 Kg. female) 


Coronary sinus 


Dog No. 30 (13.2 Kg. male) 
Vena cava 


LDH 


Vena cava 


LDH 


Coronary sinus 


LDH ICD ICD LDH ICD 


68 165 71 35 5 35 48 


171 
287 


220 
325 
Died 


Died 


RESULTS 
Myocardial infarction studies 


Table I and Figure 2 record the data obtained 


from the open chest experiments. That enzymes 
are released following surgical trauma has been 


well documented (14, 21, 22). It has been dem- 
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ENnzyME ACTIVITY AFTER OPEN CHEST MYOCARDIAL INFARCTION IN DoG 


No. 27 


A. Differences between coronary sinus and vena cava enzyme activity after myo- 


cardial infarction. 


cava enzyme activity, using normal levels as a baseline. 
B. ICD activity in vena cava and coronary 
C. LDH activity in vena cava and coronary sinus 


ase; ICD = isocitric dehydrogenase. 
sinus after myocardial infarction. 
after myocardial infarction. 


The graph is based on coronary sinus enzyme activity minus vena 


LDH = lactic dehydrogen- 
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TABLE II 


Closed chest myocardial infarction 


Dog. No. 42 (10.0 Kg. male) 


Coronary sinus 


Time IC D* LDH* ICD 
Normal 120 94 115 
Postinfarction: 
1 hr. 120 
3 hrs. 220 85 
6 hrs. 310 228 
10 hrs. 670 
16 hrs. 500 
24 hrs. 120 
44 hrs. 115 
52 hrs. 
72 hrs. 110 
96 hrs. 120 


* See footnote, Table I. 
onstrated that pentobarbital sodium anesthesia has 
We 


observed increases in both [CD and LDH activity 


no effect on serum enzyme activity (22). 


following thoracotomy ; however, the increased ac- 
tivity of both these enzymes was similar in vena 
cava and coronary sinus samples, The elevations 
in enzyme activity illustrated in Figures 2B and 
2C were the result of thoracotomy as well as of 
myocardial infarction. The period during which 
coronary sinus enzyme activity was greater than 
vena cava activity revealed the time during which 


the enzymes were being released from the injured 


LDH ICD 
250 330, 


225 300; 
200 2704 
175 2404 


150 2104 





Vena cava 


Dog No. 44 (14.5 Kg. male) 


Coronary sinus Vena cava 


LDH ICD LDH ICD LDH 


92 5 80 110 74 


88 
83 ~ 160 
32: Sa 190 
424 : 5 270 
110 
110 
88 115 
110 


myocardium. Figure 2A demonstrates the pe- 
riods during which ICD and LDH were being 
released as determined by differences between 
coronary sinus and vena cava enzyme activity. 
To eliminate the confusing effect of the en- 
zymes released as a result of surgery, closed chest 
myocardial infarctions were performed. The re- 
sults of these experiments are illustrated in Fig- 
ure 3and Table II. Elevations of serum ICD ac- 
tivity occurred within three hours following coro- 
nary ligation and returned to normal limits within 


24 hours. Increases in the activity of LDH were 


©----0 ICD-Coronory Sinus Somples 
o——o ICD-Veno Cave Sompies 
@—.—@ LDH-Coronary Sinus Somples 
o——a LDH-Veno Cave Sompies 
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1.DH and ICD activity in vena cava and coronary sinus after myocardial infarction. 





STUDIES: ON ICD AND LDH IN MYOCARDIAL INFARCTION 
TABLE III 


fae LOH ICD 
Enzyme activity in infarcted and normal SAH Sint 
myocardium of five dogs 


700 





Tissue 


@----0 ICD 
- ——— @—-@ LOH 
Normal myocardium & f 3.1-32.: 
Infarct. myocardium 


* Isocitric dehydrogenase expressed as millimicromoles 
triphosphopyridine nucleotide reduced per minute per 
milligram protein at 25° C. 


t Lactic dehydrogenase expressed as micromoles diphos- 
phopyridine nucleotide oxidized per minute per milligram 
protein at 38° C. 


not observed until six hours after infarction ; how- 
ever, elevated activity was maintained for about 
44 hours. These data are illustrated in Figure 3, 
which demonstrates the rapid rise and fall of ICD 
in comparison to LDH and confirms the open 
chest infarction profile illustrated in Figure 2A. 
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Fic. 4B. Portat Vein ENzyME INJECTION 
Myocardial enzyme assays 


Rate of enzyme fall after the injection of 58 mg. ICD 


and 2.9 ml. LDH into the portal vein of Dog No. 27. 
The enzyme activity in the homogenates pre- 


pared from normal and infarcted myocardium is turn to normal levels until about seven hours after 
recorded in Table III. The infarcted tissue con- injection. 

tained less ICD and LDH activity than the nor- 

mal myocardium. 


Injections into the portal vein did not produce 


“clearance” rates different from those observed 
Enzyme clearance studies 


Figure 4 summarizes the findings of these stud- 
. ‘A : - : se o---0 ICD 
ies. Injections of ICD and LDH into normal dogs e—s L0H 
and rabbits demonstrated the disappearance of 
exogenous ICD within 90 minutes following its 


injection; LDH activity was not observed to re- 
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Rate of enzyme fall after the injection of 85.4 mg. ICD 
Fic. 4A. Vena Cava ENzyME INJECTION dehydrogenase and 2.4 ml. LDH into the inferior vena 


cava four hours after completion of total hepatectomy in 
Dog No. 31. 


Rate of enzyme fall after the injection of 68.8 mg. ICD 
and 1 ml. LDH into the inferior vena cava of Dog No. 29. 
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ephrectomy 
Fic. 4D. 


Rate of enzyme fall after injection of 60 mg. ICD and 
1.5 ml. LDH into the inferior vena cava two hours after 
completion of bilateral nephrectomy in Dog No. 34. 


ENZYME INJECTION AFTER NEPHRECTOMY 


in the normal preparations. Injections following 
hepatectomy and nephrectomy also produced simi- 


lar disappearance curves. 


DISCUSSION 
Myocardial infarction studies 


These data document the release of ICD fol- 
lowing myocardial infarction. ICD was released 
earlier than LDH, but ICD activity remained 
elevated for less than 24 hours; by contrast LDH 
activity remained elevated for at least 44 hours. 

The coronary sinus enzyme levels are pertinent 
to previous discussions concerning the source of 
increased serum enzyme activity following myo- 
cardial infarction (11, 21). Following infarction, 
the activity of samples drawn from the coronary 
sinus was consistently greater than was the ac- 
tivity in samples drawn from the peripheral cir- 
culation. This difference corroborates the find- 
ings of Ruegsegger, Nydick, Freiman and LaDue 
(11) and indicates that the anoxic myocardium is 
responsible for a significant portion, if not all, of 
the liberated enzyme. It is important to note that, 
when the coronary sinus activity was no longer 
greater than the activity found in the vena cava, 


the coronary sinus and vena cava enzyme activities 
had both returned to normal. This indicates that 
the observed elevations were primarily a direct 
result of enzyme release from the myocardium and 
not the result of a nonspecific response to trauma 
(21). 

Elevation of serum LDH activity was not ob- 
served until six hours after coronary ligation. 
This delay prior to the release of LDH confirms 
the findings of Jennings, Kaltenbach and Smetters 
(23) and Ruegsegger and associates (11). 


Myocardial enzyme assays 


Several studies have previously demonstrated 
that homogenates prepared from infarcted myo- 
cardium contain less GOT, LDH, glutamic-pyruvic 
transaminase and succinic dehydrogenase activity 
than homogenates prepared from normal myo- 
cardium (11, 23). Our studies demonstrate that 
the activity of ICD in the infarcted tissue is simi- 
larly reduced. This observation along with the 
finding of increased ICD activity in coronary sinus 
blood after myocardial infarction is strong evi- 
dence that ICD is released from damaged myo- 
cardium. 


Enzyme clearance studies 


In these experiments sufficient amounts of en- 
zyme were injected to produce elevations of ac- 
tivity which would be within the range observed 
With ICD activity elevated to 
seven times normal, “clearance’’ was complete 
With similar elevations LDH 
was “cleared” in about seven to 10 hours. 


in disease states. 
within 90 minutes. 


The serum activity of LDH and GOT following 
experimental myocardial infarction has been found 
to correlate closely with the activity of these en- 
zymes following myocardial infarctions in human 
beings (14, 24). If the activity of serum ICD 
after experimental infarction also parallels the 
clinical picture, the early and transient elevation 
of ICD explains the clinical failure to observe 
increased activity after infarction. The rapid dis- 
appearance of serum ICD activity following injec- 
tion explains, at least in part, the transitory nature 
of the elevation which is observed after experi- 
mental myocardial infarction. 

In view of the clinical finding that ICD has 


been reported elevated only in diseases involving 
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the hepatic parenchyma (7, 8), the liver was con- 
sidered first as a possible site of ICD inactivation. 
However, the similar disappearance curves of 
ICD and LDH observed following vena cava in- 
jections, intraportal injections and injections in 
hepatectomized dogs led us to reject this hypothe- 
sis. One may thus infer that the elevation of se- 
rum ICD activity observed in liver disease is a 
result of the continuous liberation of ICD from 
damaged cells rather than a result of impaired 
hepatic inactivation of the enzyme. 

The normal disappearance curves in nephrec- 
tomized and hepatectomized dogs in conjunction 
with the data obtained following intraportal in- 
jections indicate that the liver and kidney are not 
responsible for “clearing” ICD and LDH from 
the circulation. 

Numerous investigators have commented on the 
speed of release of enzymes from damaged cells 
and on the rate of “clearance” of enzymes follow- 
ing injection into the blood stream (6, 10, 14). 
One of the variables considered in this respect has 
Therefore a 
comparison of molecular weight with rate of 
“clearance” is of interest. The molecular weight 
of ICD has been reported as 61,000 (25), LDH as 
135,000 (26) and GOT as 60,000 (27). Wro- 


blewski injected homogenates of myocardium into 


been enzyme molecular weight. 


dogs and observed similar disappearance curves 
for GOT and LDH over a period of four hours 
(10). His LDH “clearance” was comparable to 
that observed in our studies (10, 24). As noted 
above, ICD “clearance” was more rapid than 
LDH; however, comparison of the molecular 
weights of ICD, LDH and GOT with their rates 
of disappearance following injection demonstrates 
that although ICD and GOT have similar molecu- 
lar weights, ICD is “cleared” more rapidly than 
GOT. On the other hand, LDH and GOT with 
similar rates of disappearance have different mo- 
lecular weights. If the weights reported coincide 
with those of the enzymes used in these experi- 
ments, molecular weight cannot explain the dif- 
ferences observed in rate of “clearance.” 


SUMMARY 


Isocitric dehydrogenase (ICD) is released from 
injured myocardium following myocardial in- 


farction. ICD is released shortly after infarction 
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and for only a brief period of time; by contrast, 
lactic dehydrogenase (LDH) is released later than 
ICD and remains elevated longer. 

ICD is rapidly “cleared” from the circulation 
following injection whereas LDH “clearance” is 
more protracted. 

ICD and LDH are apparently not “cleared” 
by any single organ. The injection of these en- 
zymes into the vena cava and portal vein of dogs 
and into the vena cava of hepatectomized and 
nephrectomized dogs demonstrates similar “clear- 
ance” rates. 

ICD activity is transiently elevated during the 
first 24 hours following experimental myocardial 
infarction. The brief duration of this elevation is 
apparently due to the extremely rapid “clearance” 
of ICD and to the brief period of its liberation. 
If this brief period of elevation observed experi- 
mentally also occurs in patients with myocardial 
infarction, it presumably explains the clinical 
elevated levels of this 


failure to demonstrate 


enzyme after infarction. 
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STUDIES OF COLON CONTRACTILITY IN DOGS. 


I. DESCRIPTION 


OF METHOD AND EFFECT OF PARASYMPATHOMIMETIC 
AGENTS AND SEROTONIN * F 
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The effects of autonomic substances and 5-hy- 
droxytryptamine (serotonin) upon the smooth 
muscle of the intestine are not completely under- 
stood despite extensive experimentation in vitro 
Serotonin may play an important 
role in the normal regulation of intestinal motility, 
since, in vitro, it causes strong contraction of in- 
testinal smooth muscle (1, 2) ; when given intra- 
venously both to man and certain experimental 


and in vivo. 


animals, it stimulates intestinal motility (3-5) ; 
and its excess production is associated with diar- 
rhea and increased peristalsis in the metastatic 
carcinoid syndrome (6,7). The major body depot 
of serotonin is the gastrointestinal tract where it is 
localized in the enterochromaffin cells of the mu- 
cosa. Its mechanism of action upon the intestine 
is unclear, and there are many conflicting reports 
on its relationship to the autonomic nervous system 
(1-5, 8-10). 

In order more closely to ascertain the effect of 
acetylcholine, methacholine and serotonin upon 
mammalian intestinal smooth muscle, an in vivo 
experimental technique has been devised. This 
method, which is easy to perform and yields re- 
producible results, makes it possible to introduce 
the test substances directly and initially into the 
intact intestine. This is accomplished by injections 
into the terminal or end artery, which nourishes a 


segment of proximal colon, of an anesthetized dog. 


, * This work was supported by a Grant-in-Aid from the 
National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, United States Public 
Health Service. 

+ Presented in part before the combined section meeting 
of the American Society for Clinical Investigation and 
the American Federation for Clinical Research in At- 
lantic City, N. J., May, 1958. 

t{ Present address: American National Red Cross, Na- 
tional Headquarters, Washington, D. C. 

§ Present address: 600 Broadway, Paterson, N. J. 


The purpose of the present report is to de- 
scribe the method, to detail the effect of lowering 
tissue cholinesterase upon the action of para- 
sympathomimetic agents, and to help clarify the 
mechanism of action of serotonin, with particular 
reference to the parasympathetic nervous system. 


METHODS AND MATERIALS 


Mongrel dogs weighing 10 to 20 Kg. were used in all 
experiments. The animals were fasted for 48 hours 
prior to the study to insure an empty gastrointestinal 
tract. Intraperitoneal injection of 0.5 ml. per Kg. Dial® 
with Urethane! induced a surgical plane of anesthesia 
within 15 minutes, which was maintained for eight to 10 
hours. An endotracheal tube was inserted and attached 
to a positive pressure oxygen breathing apparatus in or- 
der to insure adequate oxygenation. A constant intra- 
venous drip of 5 per cent glucose solution was given 
slowly throughout. Although aseptic surgical tech- 
nique was not employed, the operators 
gloves during the preparation of the specimen and main- 
tained a clean and relatively bloodless field. Following 
a midline or right rectus incision, the mesenteric arterial 
blood supply to the proximal 7 to 12 cm. of colon was iso- 
lated. A distal branch of the artery was injected with 
1.0 wg. of acetylcholine, and the segment of proximal 
colon in which spasm occurred was marked and then in- 
tubated with a rubber catheter which was passed through 
the terminal ileum and ileocaecal valve into the segment. 
The distal end of this catheter was attached to a small 
latex balloon approximating the size of the bowel lumen 
but not distending it. Balloon, catheter, and an attached 
manometer were all filled with water, and this system was 
connected by air-filled tubing to a writing arm which 
kymographically (Figure 1). 


wore rubber 


recorded contractions 
Throughout all experiments the exposed loop of gut 
was kept moistened with warm Locke’s solution. 

To facilitate injections into the end artery, a short 
length of silk was passed under the vessel so that it could 


1 Generously supplied by Dr. Robert R. Smith, Ciba 
Pharmaceutical Products, Summit, N. J. Dial®-Urethane 
contains diallyl-barbituric acid, 10 per cent; Urethane, 
40 per cent; monoethylurea, 40 per cent; water, 10 per 
cent. 
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Fic. 1. DtaGrRaM oF THE INTUBATED SEGMENT 


IsoLATED TERMINAL ARTERY INTO WHICH Test AGENTS 


WITH 


ARE INJECTED 


Balloon, catheter and variable length of manometer only 
are water filled. 


be stabilized by exerting tension prior to each injec- 


tion. All injections were made with a 1 ml. syringe and 
a 27 gauge needle (Figure 1). Injections were noted 
on the recording drum by means of an electric signal 


marker or manual compression of the rubber tubing 


leading from the manometer. Unless otherwise specified, 


all test substances * were injected in volumes of 0.1 ml. 


“Serotonin kindly provided as Serotonin Creatinine 
Sulfate by Dr. D. A. Sheperd, Upjohn Company, Kala- 
mazoo, Mich. 


DOG no.7 


ACH 0.001 we 


Fic. 2. 


DosE 


as rapidly as possible, each injection averaging one sec- 
ond. All test solutions were freshly prepared for each 
experiment and dissolved in Locke’s solution containing 
bicarbonate.* The pH of this solution ranged from 7.5 


to 7.7. 


the intestine. 


Injection of this solution was without effect upon 


Great care was exercised during the preparation of 
(DFP) The 
material was always handled under a hood, the experi- 


the di-isopropylfluorophosphate solution.* 


menter’s arms extending through aperatures in its win- 
DFP (0.1 


withdrawn from the stock container, placed in a 100 


dow. One-tenth gram ml.) was carefully 


ml. volumetric flask, and diluted with buffered Locke's 
solution, yielding a final concentratien of 1.0 mg. per ml. 
The container was then carefully sealed and immersed 
DFP in- 


jections were given within one-half hour of preparation. 


in a metal can of sodium bicarbonate. All 

Cholinesterase determinations were performed on seg- 
ments of colon in a number of experiments. Since the 
test segment of colon could not be used as its own con- 
trol for cholinesterase content, a segment distal to it was 
also removed at the end of some experiments in which 
DFP had been given. Cholinesterase values for these 
two sections of colon were comparable under normal cir- 
cumstances. Determinations of tissue cholinesterase in 
these segments were performed by the Warburg mano 


(11): 


The average of three 10 minute incubations was chosen 


metric technique with acetylcholine as substrate 


as the final value, and the results were expressed as 
microliters of CO, per 0.1 Gm. tissue. Control determi- 
nations in 30 animals revealed that the normal cholines- 
terase value varied between 65 and 125 wl. CO, per 0.1 
Gm. tissue, with an average of 100. All determinations 


were performed immediately or after freezing (11). 
8 One L. Locke's solution to 2.1 Gm. sodium bicarbonate. 
4 Kindly provided by Dr. 
Chemical Center, Md. 


3ernard J. Jandorf, Army 


DOG no. 3 


4 


MECH 0. 1 ya: 0.01 wo 


0.001 =? 


4. A 


minutes 





RESPONSE 


Note characteristic responses for acetylcholine (ACH) and methacholine (MECH). 


Read right to left. 





EFFECT OF ACETYLCHOLINE 


ACH 1.0 Ud. 0. 1 ug. 


re, 3 


AND 


COMPARISON OF ACETYLCHOLINE 


SEROTONIN ON THE COLON 


0.1 ya. ser 1.0 ~ * 0.110. 


(ACH) AND SEROTONIN RESPONSES 


Note that character of relaxation of serotonin (SER) differs from that following 


ACH an1 is irregular. Read left to right. 


In discussing oui results, we define any decrease in 


threshold dose of a test substance (decrease in dosage 
level required to produce a discrete contraction of the 
bowel) as potentiation, whereas a heightened and/or pro- 
longed response at the same dosage level is termed 
augmentation. 

In all experiments, there was little or no baseline ac- 
tivity, and threshold identified 


responses were easily 


and always reproducible in the same animal. 
RESULTS 
Effects of acetylcholine, methacholine and serotonin 


In 30 experiments the amount of acetylcholine 
required to produce minimal discrete contractions 
averaged 0.01 pg. (range, 0.001 to 0.1 pg.), and in 
15 animals the mean threshold dose for methacho- 
line was 0.1 pg. (range, 0.001 to 1.0 yg.). 

While the ratio for the average threshold doses 
of acetylcholine/methacholine was 10/1, this re- 
lationship varied considerably and unpredictably 
in the individual experiment. A _ characteristic 
response was noted for each of these substances, 


contractions caused by acetylcholine being of 


shorter duration than those caused by methacho- 
line. In 26 animals, serotonin caused a vigorous 
intestinal contraction with the average threshold 
dose of 0.01 pg. (range 0.001 to 1.0 ng.). While 
the mean threshold dose of serotonin was the same 
as that for acetylcholine, the character of the curve 
of relaxation differed slightly from that of acetyl- 
choline. The response curves for each of these 


substances are shown in Figures 2 and 3. 


Effect of inhibition of colon cholinesterase by DFP 


Tissue cholinesterase in the intubated segment 
was abruptly reduced following intra-arterial in- 
jection of DFP. Amounts of this drug in excess 
of 50 wg. per Kg. could not be used because they 
induced prolonged colonic spasm which prevented 
retesting for several hours. Although spasm was 
noted following administration of 25 to 50 yg. per 


4), 


tions invariably could be carried out within an 


Kg. intra-arterially (Figure repeat injec- 





Fic. 4. 


Errect OF DI-ISOPROPYLFLUOROPHOSPHATE (DFP) on MortiILity 


Duration of this spasm induced by intra-arterial injections of 25.0 ug. per Kg. 


DFP was 30 minutes, after which test substances could be administered. 


to right. 


Read left 
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TABLE I 


Effect of inhibition of colon cholinesterase (CHE) on 
response to acetylcholine (A), methacholine (M) 


Inhibi 

Control Aug tion 
threshold Post-DFP  menta colon 

Drug dose threshold tion (CHE) 


ue * He 
0.1 5 0.0001 
0.01 0.01 
0.1 0.1 
0.1 
0.1 

1.0 


0.01 
0.001 


* Di-isopropy!fluorophosphate. 


+ Values are in reference to the mean cholinesterase 


concentrations of the colons of 30 control dogs (11). 


CONTROL 


ACH 9.01 wy. 


150 minutes after DFP 


MECH 0.01 | 


Fic. 5. Errect 0% 


CHOLINE (MECH) 


MECH 10 y9.— 


CHOLINESTERASE DEPRESSION ON 


hour. In Table I are the results of retesting the 
colonic segment with acetylcholine and methacho- 
line following the injections of DFP in the range 
of 12.5 to 50.0 pg. per Kg. 
percentage of cholinesterase inhibition is based on 


In five animals the 


the ratio of cholinesterase in the test segment fol- 
lowing DFP to that of a segment of distal colon 
removed at the end of the experiment. In five 
other animals, the ratio was in reference to the av- 
It will 


be noted that in all instances augmentation of re- 


erage of a control series of 30 dogs (11). 
sponse was obtained (Figure 5). It is of special 
interest that potentiation of acetylcholine, .¢., 
lowering of the threshold, occurred in only five 
animals (Nos. 4, 8, 15, 19, 47) and in all of these 
the inhibition of colon cholinesterase was 80 per 
cent or more. In the remaining animals (Nos. 7, 
9, 14, 17, 18) in which potentiation of acetylcho- 
line did not occur, cholinesterase inhibition was 
less than 80 per cent, except for Dog No. 7 in 
which it was 90 per cent. In only one experiment 
(Dog No. 8) did potentiation of methacholine 
occur. 

To determine the relationship of serotonin re- 


sponse to the cholinergic nervous system, the com- 


ACETYLCHOLINE (ACH) ANbD MeETHA- 


Response (Doc No. 8) 


Effect of ACH and MECH before and after injection of di-isopropylfluorophosphate (DFP), 


50 wg. per Kg. 


decrease in threshold for each substance; however, marked augmentation is seen. 


to left. 


Although tissue cholinesterase was inhibited 80 per cent, there was only 10-fold 


Read right 





EFFECT OF ACETYLCHOLINE AND SEROTONIN ON THE COLON 


. bi ? 
410 W-ACH 0.5 yg. ACH “0.1 ¥9-ACH 


0.01 wgSER 
30 minutes after DFP (25g 


0.1 yg. SER 


70 minutes after DFP 


0.5 age SEROTONIN 


minutes 
lig. 6. 
(SER) 


“1.0 py SEROTONIN 


EFFECT OF CHOLINESTERASE DEPRESSION ON ACETYLCHOLINE 
RESPONSE 


0.5 wg. SER 


0.1 y-ACH 


(ACH) 


AND SEROTONIN 


(Doc No. 47) 


Augmentation of both ACH and SER responses followed intra-arterial injection of di-iso- 


propylfluorophosphate (DFP), 25 wg. per Kg. 
Colon cholinesterase was reduced 85 per cent. 


parative effect of marked lowering of colon cho 
linesterase (75 to 95 per cent) upon the action of 
serotonin and acetylcholine was studied in two ani- 


mals (Nos. 47, 49). 


line decreased in one animal, but was unchanged 


The threshold for acetylcho- 
for serotonin. Further, although serotonin re- 
sponse was auginented, the degree of augmentation 
was less than that for acetylcholine (Figure 6) and 
may represent an addition of effect of this agent 
combined with endogenous acetylcholine. 


A scr 1.0 ys. 


ACH 0. 1 ys: 


Fic. 7. COMBINED ACETYLCHOLINE 


(ACH) 


Change in threshold was noted also for ACH. 
Read left to right. 


Combined action of serotonin and acetylcheiine 


To ascertain whether serotonin and acetylcho- 
line enhance each other’s action, we compared the 
effects of a mixture of half of the volume of an 
approximately equi-effective dose of each agent, 
with that of each reference dose. In no case of 
such combined administration did augmentation 
occur. In 11 of 14 observations the effects were 
only additive. In three trials, moreover, the re- 
sponse to the combination was less than that of 


4___seri.0 ug SER 2.0 yo. 


ACH 0.1 ug: ACH 0.2 pg. 


i 





minutes 


AND SEROTONIN (SER) Action 


(Doc No. 45) 


Augmentation did not result from mixture of half of an equi-effective dose of each 


agent, the response being merely additive on one occasion and diminished on another. 


Read right to left. 
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CONTROL 


* oy. 


AND LEWIS 


* ow. owe AcH.Ow> mh 


2 Git, SR RR. ete 


SERIO Wg 


a 


Racy 1.0 po. 


ACH1.0 S 
SER 1.0 pg; ATROPINE 1.0 mgm. 
A. A i. | A 4. A A. J 





5 


ACH 100 - 


t i 


0 


minutes 


ACH 10 eS 


4 nm i 


SER Lowe 
J 


i 4 4 
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Errect or Atropine (Doc No. 42) 


Fic. 8. 


30 


Threshold dose for acetylcholine (ACH) increased 100 times after 1.0 mg. 


atropine, although serotonin 


sponse seemed to be enhanced. 


either reference dose (Figure 7). In 25 dogs 
there was no alteration of response to acetylcho- 
line administered from five seconds to 60 minutes 


after serote nin. 


Effect of an anticholinergic drug 


The effect of an anticholinergic agent, atropine, 


upon the action of serotonin was observed in 


eight animals. Figure 8 shows the effect of 1.0 
mg. of this substance on the subsequent injections 
Although the 


threshold for acetylcholine was increased 100-fold, 


of serotonin and acetylcholine. 


the serotonin threshold was unaffected and _ in- 
deed in several experiments there appeared to be 
augmentation (Figure 8). Higher doses of atro- 
pine, 6 to 8 mg., raised the serotonin threshold 10- 
to 20-fold, while changing that for acetylcholine 
1,000- to 5,000-fold. 


hibition of cholinesterase, the relative effectiveness 


Even after 85 per cent in- 


of a large dose of atropine upon serotonin and 
acetylcholine was unchanged (Figure 9). 


Ganglion blockade 


Hexamethonium, 1.5 to 12.5 mg., did not block 


S* 


the action of either serotonin or acetylcholine ; in- 


(SER) threshold dose 


was unchanged; re- 


Read right to left. 


deed, in three of four observations, it seemed to 
augment the serotonin response (Figure 10). 
Monoamine oxidase inhibition 

U-7729,5 and 


monoamine 


a methyl analog of serotonin 
(MOl), 
on nine occasions 


oxidase inhibitor was ad- 
ministered in doses of 100 yg. 
in four animals. On eight occasions it produced 
contraction of the bowel and it augmented the re- 
sponse of serotonin in five of nine instances and 
of acetylcholine on seven of nine occasions (Fig- 
ure 11). Ina fiftli dog, no spontaneous response 
to the same dose of MOI was noted, although 
serotonin and acetylcholine contractions were aug- 
Despite a total dose of 400 pg. MOT in 


each of four experiments, there was no alteration 


mented. 


in the threshold dose for either drug. 

Further, administration of MOI only slightly 
altered the relative effect of atropine upon sero- 
tonin and acetylcholine ; i.c., the ratio of atropine 
inhibition of these agents (acetylcholine seroto- 
nin) was between 10/1 and 100/1 (Figure 12). 


5 Supplied by Dr. J. P. Webb, The Upjohn Company, 


Kalamazoo, Mich. 
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nor serotonin (SER). Effect of serotonin appeared to be augmented. Read left to right. 
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In Dog No. 61, 
traction and augmented acetylcholine (ACH) response. 


response to serotonin (SER). 


Antiserotonin drugs 


Prochlorperazine (Compazine®) in 
100 pg. inhibited the action of serotonin markedly 
but did not alter 
(Figure 13). The benzyl 
serotonin (BAS), provided by Dr. D. W. Wooley, 
effected a graded inhibition of serotonin response 
f 1.0 to 4.0 mg. After 1.0 mg. 
there was a 10-fold increase in serotonin threshold 
14); after 4.0 mg., a 
the duration of inhibitory effect averaging 
When 100 mg. of 
intravenously on two occasions, 


in three observations, acetylcho- 


line effect 


in a dose range o 


( Figure 100-fold increase, 
about 
30 minutes. BAS was given 
there occurred a 
animal, but 


Neither 


10-fold increase in threshold in one 


threshold was unaffected in the other. 
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minutes 
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U-7729, 
100 wg. MOT induced a con- 


augmented the 
Read right to left. 


prochlorperazine nor BAS changed the intestinal 
response to acetylcholine. 


DISCUSSION 


effect of 
methacholine and serotonin on the dog colon have 


These studies on the acetylcholine, 


demonstrated the advantages and usefulness of an 
in vivo intra-arterial injection technique. The 
procedure is simple, yields reproducible results and 
is stable enough to permit experimentation over an 
eight to 10 hour period. In addition, it permits 
recording intestinal action in a preparation that 
has an intact innervation and blood supply. 

effect of 
methacholine on the intestine is well known (12- 


The contractile acetylcholine and 
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its relative effect upon acetylcholine (ACH) and serotonin (SER) responses. 


right to left. 
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EFFECT OF ACETYLCHOLINE 


AND SEROTONIN ON 


THE COLON 


ACH 10 by SER 10 at 


Fic. 13. 


(100 yg.) 
(ACH). 


Prochlorperazine 
affect acetylcholine 


14) 


of these 


In our studies the range of threshold dose 


two drugs was similar and approxi- 
mates that derived from perfusion experiments 
(15); however, when these drugs are given in- 
travenously, the average threshold dose range is 
about 1,000-fold greater (11). 

Of interest is the finding that the characteristic 
responses to both these agents differ, the acetyl- 
choline response being more rapid in onset and 
the 


The explanation of the longer 


decline and methacholine response lasting 


longer. metha- 
choline response may be its slower hydrolysis by 
the The 
sponses to each of these agents were reproducible 


tissue cholinesterase. individual re- 
over a period of eight to 10 hours, there being no 
tachyphylaxis or change in threshold dosage. 
Study of the effect of acutely reducing the tis- 
sue cholinesterase upon the action of these agents 
through intra-arterial injection of DFP is limited 
by the reaction of the effector organ to large 
the 
When an amount is given sufficient to cause a 


amounts of anticholinesterase compound. 


2.0 mgm.BAS at time 0 


SER 1.0 yg ACH 0.1 yg. 


y precitiibabadi 100 yg. 


EFFECT OF PROCHLORPERAZINE 
completely 
Read right to left. 
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minutes 
No. 56) 
(SER) 


(Doc 
did 


inhibited serotonin and not 


greater than 90 per cent depression of cholines- 
terase, a sustained contraction which precludes 
re-injection is noted. Following this degree of 
cholinesterase suppression, Riker and Wescoe en- 
countered similar spontaneous activity in a differ- 
ent neuroeffector system, chorda tympani nerve 
and the submaxillary gland of the cat (16). Fur 
ther, they found that inordinate amounts of DFP 
were required to inactivate the remaining 10 per 
cent of cholinesterase. This may be attributed to 
the 
Rothenberg and Feld (17) in which the reaction 


phenomenon described by Nachmansohn, 
of cholinesterase and its inhibitor is shown to be 
stoichiometric but variable at different concentra- 
At lower concentrations of 
DFP is re- 
quired for inactivation, possibly 100,000 molecules 


tions of the enzyme. 


cholinesterase, proportionately more 
of DFP being required for one of cholinesterase, 
whereas at higher concentrations, the ratio may be 
only 25 to 1. 

That approximately 80 per cent inhibition of 
slight (10- 


cholinesterase is associated with only 
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fold) alteration in threshold dosage seems surpris- 
ing. 
lar results in their experiments (16). 


However, Riker and Wescoe reported simi- 
Using 
DFP, they found that suppression of cholinester- 
ase by at least 50 per cent was required to reduce 
threshold stimulus (frequency of electric shocks 
to the chorda tympani) and that the maximal al- 
teration in threshold occurred only at 90 per cent 
When they administered 
(volume of 


suppression. supra- 


maximal stimuli, the total response 


saliva) increased when cholinesterase was_ re- 
duced 50 to 90 per cent; this increase was mani- 
fested principally as a prolongation of response 
after stimulation; the response during stimulation 
was altered slightly. These findings indicate that 


tissue cholinesterase occurs in a concentration 
which is far in excess of what is required for nor- 
mal function. 

These results in another parasympathetic-ef- 
fector system are strikingly similar to those of the 
intestine. In the latter there was little change of 
threshold stimulus despite marked reduction in 
tissue cholinesterase and, analagous to the in- 
creased post-stimulus salivation for the submaxil- 
lary gland, there was prolongation of contraction 
in the intubated segment of the intestine (Figure 


Wescoe 


same relationship after DFP when the salivary 


5). Further, Riker and obtained the 
gland was stimulated with intra-arterial injection 
of acetylcholine instead of by electrical shocking. 
These authors suggest that this augmented re- 
sponse is due to prolonged action of acety'choline 
(or methacholine ) at the myoneural junctions. 
Serotonin appears to be as potent as acetylcho- 
line in its contractile effect upon the intestinal 
musculature, the average threshold dose for each 
substance being the same and the magnitude and 
duration of response being comparable. There 
was no evidence for mutual potentiation with 
acetylcholine; mixtures of the two substances 
were at most only additive. Although the im vitro 
studies of Pick (9), using guinea pig ileum, sug- 
that 


acetylcholine and related compounds, this finding 


gested serotonin enhanced the action of 
is not confirmed by our work no. by that of Frey- 
burger and associates (5). 

That serotonin acts via a cholinergic pathway 
or mechanism seems unlikely for several reasons. 


First, although colon cholinesterase depression by 


SLEISENGER, LAW, SMITH, PERT 


AND LEWIS 


80 per cent or greater was associated with aug- 
mented response to both serotonin and acetylcho- 
line, potentiation occurred only for the latter sub- 
stance. Second, atropine was 100 times more 
potent in blocking acetylcholine than serotonin. 
Indeed, with lower doses of atropine, 1.0 mg. or 
less, serotonin response appeared to be augmented. 
Garven (18), using guinea pig ileum, showed that 
atropine had this same ratio of potency for inhibit- 
ing these two agents. Likewise, Gaddum and 
Hameed (1) found it only partially effective 
against the action of serotonin on the guinea pig 
ileum. However, Rocha e Silva, Valle and Pi- 
carelli (2), using a similar preparation, demon- 
strated that atropine was a potent inhibitor of 
While Hen- 


drix, Atkinson, Clifton and Ingelfinger (3) ob- 


both serotonin and _ acetylcholine. 


served that atropine inhibited the action of serot- 
onin upon the small intestine in man, Haverback 
and Davidson (4) could not confirm this finding. 
Since in both these experiments all substances were 
given intravenously, comparison with the in vitro 
and intra-arterial techniques is difficult. 

That serotonin does not act via the autonomic 
ganglia is demonstrated by the failure of hexa- 
methonium to block its response; indeed, an op- 
posite effect may occur, since there was an aug- 
mented serotonin response in three of four 
instances in which it was given after hexametho- 
nium. The reason for this augmentation, also sug- 
gested by Rocha e Silva and associates in their 
studies upon the guinea pig ileum (2), is unclear. 
it may be related to increased excitability of mus- 
cle fibers following ganglionic blockade, as was 
(19). 


doses of methonium compounds stimulate the post- 


suggested by Feldberg Possibly, large 
synaptic cells of the ganglia (20). 

A striking observation in the experiments with 
hexamethonium was the failure of this agent, even 
in large dosage, to diminish the usual response to 


acetylcholine. Such diminution might have been 


expected since part of the action of acetylcholine 


upon smooth muscle of the intestine is mediated 
via the ganglion cells of the myenteric plexuses, 
and a large dose of hexamethonium may block 
acetylcholine at the neuroeffector junction (21). 
Perhaps a partial explanation, as suggested by 
Riker (22), is that the 


dominant site for inhibition of acetylcholine by 


and Szreniawski pre- 
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hexamethonium in the ganglion is not at the post- 
synaptic levels, but rather at the terminals of the 
presynaptic fibers. 

Prochlorperazine and BAS completely block 
the spasmogenic action of serotonin upon the in- 
testine and do not alter the acetylcholine response. 
This inhibitory effect of a phenothiazine has also 
been shown upon the rat colon, in vitro, by Ben- 
ditt and Rowley (23). Such behavior might be 
expected, since the structure of serotonin is simi- 
lar to epinephrine and norepinephrine, all three 
substances being destroyed by monoamine oxidase, 
and the phenothiazines possess sympatholytic 
properties (24). BAS probably exerts its effects 
by means of a specific competition with serotonin 
(25). 

Monoamine oxidase, which exists in high con- 
centration in the intestine (26), plays an impor- 
tant role in the metabolism of serotonin. Inhibi- 
tion of this enzyme augments serotonin response. 
The kinetics of this interaction may be analogous 
to that for acetylcholine and cholinesterase, since 
inhibition of cholinesterase is associated with an 
augmentation of acetylcholine effect. This inter- 
action of serotonin and monoamine oxidase, which 
probably occurs at a significant rate in the intes- 
tine, may further indicate that serotonin plays a 
role in the regulation of motility of this organ. 

Although it seems clear from these studies that 
exogenously administered serotonin does not act 
by way of a cholinergic pathway in the intact ani- 
mal, it has been amply established by Bulbring 
and Lin (27) that this agent acts as a modulator 
of the cholinergic system by reducing the thresh- 
old of the presso-receptors in the gut wall. Pos- 
sibly, a ganglionic blocking effect of serotonin in 


our intact preparation may have prevented its po- 
tentiation of acetylcholine at the neuroeffector site 


(28). 


SUMMARY 


1. An in vivo intra-arterial injection technique 
for the study of the effect of drugs upon the smooth 
muscle of the dog colon is described. Using this 
technique, the threshold dosage for acetylcholine 
and methacholine has ranged from 0.001 to 0.1 yg, 
and 0.001 to 1.0 yg., respectively. 

2. Utilizing di-isopropylfluorophosphate, acute 
reduction of bowel cholinesterase (43 to 97 per 
cent) was achieved. This alteration was associ- 
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ated uniformly with augmentation of response to 
both acetylcholine and methacholine ; however, at 
least 80 per cent inhibition was necessary to alter 
the threshold dose. 

3. The action of 5-hydroxytryptamine (seroto- 
nin) and acetylcholine upon the colon of intact, 
anesthetized dogs was compared. The average 
threshold dose to induce contraction was the same 
for each substance. 

4. Atropine was ineffective in blocking serotonin 
response as compared with acetylcholine, and in- 
hibition of tissue cholinesterase failed to potentiate 
serotonin effect. 

5. Although hexamethonium blocked neither 
acetylcholine nor serotonin response, mediation of 
action of these substances via autonomic ganglia is 
not excluded, since hexamethonium may act at the 
presynaptic level. 

6. Effect of serotonin was enhanced by inhibi- 
tion of monoamine oxidase and was blocked by 
both its benzyl analog and a phenothiazine deriva- 
tive, prochlorperazine. 

7. These results suggest that when serotonin is 
administered intra-arterially to an intact colon, 
it does not act via a cholinergic pathway; how- 
ever, they do not negate previous evidence that 
this substance may be a modulator of the cho- 
linergic system. 
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In recent years much interest has been focused 
on the plasma level of nonesterified fatty acid 
(NEFA), or unesterified fatty acid (UFA), and 
on its role as an energy substrate, particularly for 
muscle and liver. 

Both insulin and glucose produce a rapid fall 
in serum NEFA level (1, 2), which is related to 
a decreased output of NEFA from the adipose cell 
(3,4). The concept has arisen that in the fasting 
state NEFA is continuously mobilized from fat 
stores, and when glucose becomes available, this 
mobilization ceases and the blood level falls (5). 

Several years ago Bell and Burns (6) showed 
that the intra-arterial injection of small doses of 
insulin into the leg of a human subject caused a 
prompt widening of the arteriovenous (A-V) dif- 
ference for glucose across the injected limb as 
compared to the opposite noninjected limb. This 
apparent fixation of the insulin in the injected 
limb and the resulting differential metabolic effect 
seemed to offer an opportunity to study further the 
effect of insulin on NEFA handling by the periph- 
eral tissues. 


METHODS 


Studies have been carried out on six normal fasting 
human subjects. Indwelling Cournand needles were 
placed in one femoral artery and in both femoral veins 
under procaine anesthesia. Simultaneous control samples 
were drawn from each of these three sites, followed by 
a small dose of glucagon-free insulin (one-half to one 
unit) injected intra-arterially. Thus insulin was injected 
directly into one limb, reaching the other limb after at 
least one circuit and in smaller concentration. 

Care was taken to insure simultaneous withdrawal of 

* This investigation was supported in part by a re- 
search grant from the Life Insurance Medical Research 
Fund, in part by a research grant H-1217 (C6) from the 
National Heart Institute, United States Public Health 
Service, and in part by the Regional Center for the Study 
of Aging, Duke University. 

+ Research Fellow, American Heart Association. 


all samples. Immediately after withdrawal, 5 ml. of 
blood was transferred from each syringe into fluoride 
tubes for glucose determination and the remainder was 
transported under refrigeration to the laboratory for 
centrifugation and determination of NEFA level ac- 
cording to the method of Dole (1). The analysis was 
done as rapidly as possible after withdrawal. In addi- 
tion to analyses for sugar and NEFA, serum cholesterol 
was determine by the method of Abell, Levy, Brodie 
and Kendall (7) and triglycerides were determined by 
the method of Van Handel and Zilversmit (8). Blood 
sugar was done by the method of Somogyi (9, 10) 

The insulin used for the study was hyperglycemic fac 
tor-free crystalline zinc insulin freshly prepared in saline 
for each experiment. The time required for injection 
was less than 10 seconds. 

Six subjects were studied, observations being made on 
six injected limbs and six control limbs. All studies 
were carried out on lower extremities except for one 
control limb (Subject P). In this instance the arm was 
used instead of the leg because of difficulty in obtain- 
ing blood from the femoral vein. 


RESULTS 


The results are listed in Tables I through V. 
The changes to be emphasized are as follows. 


1. Arterial NEFA level 


The arterial level of NEFA at the control pe- 
riod ranged from 339 to 915 pMoles per L., all 
wtihin the accepted normal range. The mean ar- 
terial level of NEFA was significantly decreased 
after insulin injection (Table I). Although the 
relaxation of the subjects after the placement of 
the needles cannot be ruled out as a cause of the 
drop in this study (11, 12), such a drop in ar- 
terial NEFA has not been seen in other subjects 
receiving arterial injections of materials not af- 
fecting NEFA release. 


2. A-V NEFA difference 
Table II shows, for each subject, the A-V 
NEFA differences, both before and after insulin, 
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TABLE I 


Arterial nonesterified fatty acid level (micromoles per 
liter): Change after insulin 


Change 

10 min, Change 20 min. during 

Control after during after entire 

Subject period insulin 10 min. insulin 20 min. 


N 703 676 —27 525 —178 
P 876 769 — 107 504 —372 
E 339 275 — 64 206 — 133 
L 354 306 —48 306 —48 
Mcl 485 446 — 39 451 —34 
McD 915 775 — 140 648 — 267 


Mean 612 541 —71 440 —172 
“t” value 3.96 3.23 
<0.05 


for both the injected and noninjected limbs. In 
the injected leg, the initially negative A-V NEFA 
difference was narrowed at 10 minutes and, in 
four cases, reversed at 20 minutes. Changes in 
the A-V differences from the control period were 
large and uniform enough to be statistically sig- 
nificant (p being less than 0.05 at 10 minutes and 
less than 0.01 at 20 minutes after insulin injec- 
tion). The noninjected limb showed no signifi- 
cant change in A-V differences. 

Table III provides two further evidences that, 
regarding NEFA, insulin acted chiefly in the in- 
jected limb. Twenty minutes after insulin, the 
A-V NEFA change was significantly ' different in 


the two limbs. Further, during the first 10 min- 


1JIn testing significance, the A-V difference across the 
control limb was subtracted for each subject from that 
for the injected limb, and the resulting number (1.¢., a 
difference of a difference) was tested against the null 
hypothesis. 


utes, the change in A-V difference from the con- 
trol condition was also significantly * different. 


3. Glucose 


The A-V glucose difference changes were as 
described by Bell and Burns (6): a widening in 
the injected limb, a narrowing in the uninjected 


limb (Tables IV and V). 


4. Triglyceride and cholesterol 


There was no significant alteration in triglyc- 
eride or cholesterol levels during the course of the 
study. 


DISCUSSION 


The tremendous responsiveness of the periph- 
eral tissues of the leg to small doses of insulin is 
well shown in these studies. They confirm the 
reports of Bell and Burns (6) that insulin in- 
jected in small quantity into the artery supplying 
a single limb has a major effect on glucose uptake 
in this limb as compared to the remainder of the 
body ; they show in addition that these effects ex- 
tend to the NEFA as well as to glucose. It is 
felt that these studies show a primary effect of 
insulin on peripheral tissues, presumably adipose 
tissues, in regulating the level of NEFA as well 
as in regulation of blood glucose. The exit of 
NEFA from adipose tissues of the injected limb 
is reduced in contrast to the exit of NEFA from 
the uninjected limb, 

It should be noted that at 20 minutes after in- 

2 The change in A-V difference from the control con- 
dition was similarly compared between the two limbs. 
In effect, the noninjected limb was used as an individual 
control, 


TABLE II 


Arteriovenous (A-V) nonesterified fatty acid difference (micromoles per liter): Individual values 


Control period 


Injected Noninjected 
Subject limb im 


N —163 —190 
P —71 +48* 
E —73 —73 
i. —64 — 84 
MclI —40 —21 
McD —231 +3 


Mean — 52.83 


* Brachial vein. 





10 min. after insulin 20 min. after insulin 





Injected Noninjected Injected Noninjected 
limb limb limb 

—69 — 186 —90 
+15 —77* : —52* 
+25 —51 —42 
—53 —119 —60 
—46 —25 —2 
—65 —15 +100 —58 


— 32.17 +30.67 — 50.67 
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TABLE Ill 


Arteriovenous (A-V) nonesterified fatty acid difference (micromoles per liter): Comparison of change 
in injected and noninjected limbs 








Control period 10 min. after insulin 20 min. after insulin 


A-V A-V Change from A-V Change from 
difference difference control level difference control level 











Injected limb — 107.0 — 32.17 +74.83 +30.67 +137.67 
Noninjected limb — 52.82 — 78.83 — 26.01 — 50.67 +2.15 
Difference — 54.18 +46.66 + 100.84 +81.33 +135.52 
“t” value 1.75 1.50 3.02 2.62 2.22 


(Not signif- (Not signif- (p <0.05) (p <0.05) (Not signif- 
icant) icant) icant) 








jection of insulin, the mean arterial level of NEFA 5. At 20 minutes after insulin injection the 
usually exceeded the mean venous level of NEFA change in A-V NEFA difference in the injected 
in the injected limb. This is not felt to repre- limb was significantiy different from that of the 
sent an increased uptake of NEFA but a sup-_ control limb and demonstrates a distinct action in 
pressed release of it which allowed the utilization the injected limb apart from the rest of the body. 
of NEFA to exert a predominant effect on the ve- 

nous level. TABLE V 


Glucose arteriovenous (A-V) difference (milligrams 
SUMMARY per 100 milliliters): Individual values 


1. The tissues of the leg exhibited extreme re- 
sponsiveness to injection of small doses of insulin. 


10 min. after 20 min, after 
Control period insulin insulin 


r 2 pele 11 Nonin- Nonin- 
2, Arterial nonesterified fatty acid (NEFA) — injected je Injeced jected. Inheuted 
level dropped significantly within 20 minutes after Suiect_ im> —_ — = 
intra-arterial injection of small doses of insulin. N +3.4 
sia ; > or 
3. The arteriovenous (A-V) NEFA difference - tay 
in the injected limb changed significantly after in- 4 , +e 
sulin injection, from a negative A-V difference to ep +44 
a frequently positive A-V difference. Mean +2.58 
a? H ; Mean dif- 
F . _ a shou ee a control be 6.87 ote 
imb did not change after insulin injection. 
change alt U jection “te =0.41 (“t= 3,18 (“t" = 8.52, 
(Not significant) p <0.05) p <0.01) 


+1.4 

+0.2* 

—0.5 

+3.1 

—1.0 ; 
—0.9 +14.6 
+0.38 +10.87 


SMWUN ONE 
Ne SooMb | 


wn 


+h+++4 | 


TABLE IV 


* Brachial vein. 


Arterial glucose (milligrams per 100 milliliters): Change 
after insulin 
— ——— - 6. The observed changes are considered to re- 
10 min, 20 min. flect a local suppression by insulin of NEFA re- 


Control after after . ‘ “ ‘ 
Subject period insulin insulin lease. This effect accompanies a local increase in 


N 84.2 78.0 74.0 glucose uptake, as was described by Bell and 
P 77.8 74.0 72.2 Burns (6). 
E 73.7 59.8 49.1 


L - 922 82.8 76.8 ti di tae 
Mcl 96.0 83.9 75.1 REFERENCES 


_ ae a gp 1. Dole, V. P. A relation between non-esterified fatty 


aor acids in plasma and the metabolism of glucose. 

Mean change from control to 10 min. J. clin. Invest. 1956, 35, 150. , ; 
after insulin =(—)7.30 (‘‘t’” =3.213, p<0.05). 2. Gordon, R. S., Jr., and Cherkes, A. Unesterified 
fatty acid in human blood plasma. J. clin. Invest. 








Mean change from 10 to 20 min. 4s 
after insulin =(—)7.28 (“‘t” =5.009, p <0.01). 1956, 35, 206. 
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The serum in chronic myelogenous leukemia 
(CML) has an increased concentration of vitamin 
B,,. (1, 2) and an increased capacity to bind added 
vitamin B,, either in vivo (3-5) or in vitro (2, 
6,7). The vitamin B,, of normal and CML se- 
rum moves with the a-globulins when serum is 
electrophoresed at pH 8.6 (1, 8, 9). The sero- 
mucoid, the fraction of serum containing glycopro- 
teins which comprises about 1.5 per cent of the 
serum proteins (10), moves with the a-globulins 
when electrophoresed at pH 8.6 (11). Further- 


more, it has been found that the seromucoid frac- 
tion isolated from CML serum is capable of bind- 
ing amounts of added cobalt**-labeled vitamin 
B,. (B,,*) sufficient to account for the increased 


binding capacity of the whole serum (12). The 
possibility that the binding protein of both normal 
and CML serum for native vitamin B,, (B,,.BP) 
is in the seromucoid fraction was investigated. 


METHODS 


Venous blood was collected in the fasting state from 
normal subjects and from patients with CML in hemato- 
logical and clinical relapse. About one to two hours 
after clotting, the serum was separated and either used 
immediately or stored at — 20°C. The seromucoid frac- 
tion of serum was prepared by the method of Winzler, 
Devor, Mehl and Smyth (10) as follows: one volume of 
serum was added to one volume of 0.4 M sulfosalicylic 
acid, thoroughly mixed for five minutes, and then cen- 
trifuged. The supernatant containing the seromucoid 
was separated and neutralized with 1 N NaOH. The 
neutralized seromucoid and the original serum from 
which it had been prepared were dialyzed against large 
volumes of 0.15 M NaCl for 72 hours at 4 to 6°C. and 
its vitamin B,, concentration then determined by Eu- 
glena gracilis assay (13). When used for electrophoresis, 
the seromucoid was dialyzed for 72 hours against large 
volumes of distilled water, lyophilized, and the dried 


* Presented at the subspecialty meetings, Annual Meet- 
ing of The American Society for Clinical Investigation, 
May 3, 1959, Atlantic City, N. J. 


protein then dissolved in the appropriate buffer. Sero- 
mucoid or serum containing bound (nondialyzable) B,.* 4 
was prepared by adding an amount of B,,* in excess 
of the binding capacity (4 mug. B,.* per ml. of normal 
serum or its equivalent seromucoid and 12 mug. per ml. 
of CML serum or its equivalent seromucoid). The 
seromucoid was then dialyzed against large volumes of 
distilled water for 72 hours at 4 to 6° C. and lyophilized, 
while the serum was dialyzed against 0.15 M NaCl. 

Lyophilized Cohn plasma fractions (I through VI),? 
prepared by Method VI (14), were dissolved in suffi- 
cient 0.15 M NaHCO, to bring them to their equiva- 
lent plasma volumes, dialyzed for 48 hours against 0.15 
M NaCl, and the vitamin B,, concentration determined 
as was the vitamin B,, concentration of the original 
plasma. 

Zone electrophoretic separation of serum or lyophilized 
seromucoid was performed using starch blocks as the 
supporting medium. The general technique described by 
Kunkel (15) was used except that the electrophoresis 
was carried out at pH 4.5 which permitted separation of 
the B,,BP from the bulk of serum proteins. The starch 
blocks were prepared from slurries of starch® that had 
been previously washed once with distilled water and 
twice with an acetate-sodium chloride buffer pH 4.5, ionic 
strength 0.10. The buffer consisted of 0.04 M sodium 
acetate and 0.06 M NaCl with concentrated HCl added 
to bring the pH to 4.5. The following samples were 
electrophoresed: a) a mixture of 1.0 ml. of serum and 
0.5 ml. of acetate buffer; b) serum containing bound 
(nondialyzable) B,,.* in a volume of 1.5 to 2 ml.; c) ly- 
ophilized seromucoid dissolved in a solution of 1 ml. of 
0.15 M NaCl and 0.5: ml. acetate buffer; and d) lyophil- 
ized seromucoid containing bound B,,* dissolved as in c. 
Samples were applied to a 4 to 5 mm. transverse slit at the 
center of the block. In some experiments, serum con- 
taining bound B,.* was run in parallel on the same starch 
block as the native serum. Electrophoresis was carried 
out for 16 hours at 5 to 8° C. using a current flow of 36 
ma. for a 31 cm. long, 10 cm. wide, 1.5 cm. thick starch 
block. At the termination of electrophoresis a maximum 


1 Kindly supplied by Dr. N. S. Ritter, Merck and Co., 
Rahway, N. J. 

2 Kindly prepared by the Plasma Protein Foundation, 
Boston, Mass. 

8 Fisher hydrolyzed potato 
Co., New York, N. Y. 


starch, Fisher Scientific 
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TABLE I 


The native vitamin Bi, concentration of the seromucoid of 
normal and chronic myelogenons leukemic (CML) sera 





Seromucoid 
Biz con 
centration 


Seromucoid 
*raction 


Serum Bis 
Subject concentration 


% 


pug./ml 


uug./ml, 
Normal 


435 
122 
451 
539 
544 
208 


mMNmMMm uu 


Mean 521 383 
Range 125-732 123-544 


>ML 


H.W. 
A.M. 
C.M. 


6,096 
15,121 
9,220 


5,976 98 
15,101 100 
9,010 98 


pH change of 0.2 pH unit was found at either end of 
the gel. After drying at room temperature (0.5 to one 
hour) the gei was cut into transverse segments so that 
the origin was included in one segment (O segment). 
Other segments designated as anodal (A) or 
cathodal (C) and identified by the number of segments 
from the O segment. Sections of the block at the catho- 
dal and anodal ends well outside the range of migration 
Each 


were 


of the proteins were removed to serve as blanks. 
segment was suspended in 8 ml. of distilled water, the 
contents periodically mixed for 1.5 hours, and then cen- 
trifuged. The supernatant was removed and centrifuged 
again. The vitamin B,, concentration of these eluates 
was then determined by E. gracilis assay. The per cent 
recovery of vitamin B, from the starch block in 19 
electrophoretic analyses of serum or seromucoid was 
equal to an average of 93 per cent + 14, range, 75 to 115 
per cent. 

The protein concentration of starch eluates was de- 
termined by Kunkel and Tiselius’ modification (16) of 
the Folin-Ciocalteu procedure (17). Protein concen- 
tration was plotted in terms of optical density with nec- 
essary corrections made for the volume of eluate ana- 
lyzed. Sialic acid was determined by the method of 
Werner and Odin (18) using 2 ml. of the eluates. 
Because of the negligible reading of the blank with 
Baker’s iso-amyl alcohol, further purification of the iso- 
amyl alcohol was not necessary. 

In preliminary experiments, it was found that albumin 
and the bulk of the globulins remained at the origin or 
migrated cathodally when serum was electrophoresed at 
pH 4.5. Acidic a,-glycoprotein,t isolated from Cohn 
Fraction VI (19), was dissolved in a solution composed 
of 1 ml. 0.15 M NaCl and 0.5 ml. acetate buffer, elec- 
trophoresed on a starch block, (pH 4.5) and the protein 


Kindly supplied by Dr. Karl Schmid, Massachusetts 
General Hospital, Boston, Mass. 
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and sialic acid concentration of 1.0 cm. segments of the 
block determined. 

After electrophoresis, the starch segments containing 
nondialyzable B,.* were placed in test tubes and the ra- 
dioactivity determined in a plastic scintillation well 
counter (20) having a background of 385 to 400 counts 
per minute. Samples with higher counting rates, such as 
a) the origin and first four cathodal segments of normal 
sera, b) anodal segments of the seromucoid and c) the 
anodal and cathodal segments of CML sera, were counted 
long enough to give a 10 to 15 per cent counting error. 
The anodal segments of the normal sera contained small 
amounts of radioactivity (as little as five to 10 counts 
per minute over background) and were counted for three 
to four 10 minute periods with 10 minute counts of 
background alternating between each sample count. 
The radioactivity of the B,.* solution added to serum 
was counted in the same well counter using similar ge- 
ometry, and the concentration of vitamin B,. in this 
solution was also determined. From the a) specific ac- 
tivity of the added B,,* and }) radioactivity found in each 
starch segment, the amount of B,.* (uug.) per segment 
was estimated. The total vitamin B,, bound by the pro- 
teins in any starch segment was calculated by summing 
of the native vitamin B,, (determined by EF. gracilis as- 
say) and of the nondialyzable B,.*. 


RESULTS 
Vitamin B,, concentration of the seromucoid 


The seromucoid contained an average of 77 per 
cent, range 62 to 98 per cent, of the vitamin B,, 
of whole normal serum (Table 1). Despite a 
great increase in serum vitamin B,, concentration, 
98 to 100 per cent of the vitamin was recovered 
from the seromucoid in three patients with CML. 


Vitamin B,, concentration of Cohn plasma frac- 
tions 


Vitamin B,, was found in all six Cohn plasma 
fractions. Fraction V contained the highest per- 
centage of the plasma vitamin (27 per cent) 


while Fraction VI had only 14 per cent. 


Vitamin B,, concentration of fractions of the 
seromucoid separated by electrophoresis 


The distribution of native vitamin B,,, protein 
and sialic acid in the seromucoid, obtained from 
normal serum following starch gel electrophoresis 
at pH 4.5, is shown in Figure 1. The protein and 
sialic acid were concentrated in segments anodal 
to the origin with peak levels found in the A-3 and 
A-4 segments. A similar distribution of protein 
and sialic acid was found when a crystalline prepa- 
ration of the acidic a,-glycoprotein was electro- 
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MIGRATION DISTANCE (cm.) 
NATIVE VITAMIN B,, CONCENTRATION OF FRACTIONS OF NORMAL 


—oanode 


SEROMUCOID SEPARATED BY ELECTROPHORESIS ON STARCH GEL At PH 4.5 


Vitamin B,, concentration is plotted on the left ordinate and is represented 


by the open boxes. 


Optical density is plotted on the right ordinate with 


protein the solid dots ®@——®, and sialic acid the open dots O-—-O. 


phoresed at pH 4.5. The vitamin B,, was also 
found anodally with peak concentrations at A-3 
to A-5 segments. The B,,* bound to the normal 
seromucoid had a distribution similar to the na- 
tive vitamin, with peak concentrations at A-2 to 
A-4 segments (Figure 2). 

The distribution of protein, sialic acid and vi- 
tamin B,, in the CML seromucoid was similar to 
that of the normal, with peak concentrations found 
at A-3 to A-4 segments (Figure 3). Further- 
more, the distribution of added B,,* bound by 


CML. seromucoid was similar to that of the native 
vitamin, with peak concentrations located at A-2 
to A-4 segments (Figure 4). 


Vitamin B,, concentration of fractions of serum 
separated by electrophoresis 
Electrophoresis of a normal serum at pH 4.5 
(Figure 5) is representative of the findings in a 
group of eight such sera. In sharp contrast to 
the seromucoid, there was a negligible amount of 
protein in A-2 to A-6 segments with the peak pro- 





VITAMIN By CONC. 
(4yg./mL.) 
900 


750 
600 
450 
300}- 


150 








6 ee | 3-12 


OPTICAL 
DENSITY 
1.360 








cathode <— 


Fic. 2. DISTRIBUTION OF 


MIGRATION DISTANCE (cm.) 
BounpD 


—-» anode 


(NONDIALYZABLE) B,,* AMONG 


FRACTIONS OF NoRMAL SEROMUCOID SEPARATED BY STARCH GEL ELECTRO- 


PHORESIS AT PH 4.5 


The concentration of B,,* is plotted on the left ordinate and is repre- 


sented by the ruled boxes. 


Optical density of protein is plotted on the right 


ordinate and is represented by the solid dots @——®. 





AARON MILLER AND JOHN F. SULLIVAN 





VITAMIN Ba CONC. 
(4ywg./ mL. 
“500 


= 





ee Profein 
O—-© Sialic Acid 


























cathode «— 


MIGRATION DISTANCE (cm.) 


——» anode 


Fic. 3. Native VITAMIN B,, CONCENTRATION OF FRACTIONS OF CHRONIC 
MyYELoGENouS LEUKEMIA SEROMUCOID SFPAKATED BY ELECTROPHORESIS ON 


Srarcu Get at PH 4.5 


Vitamin B,, concentration plotted on the left ordinate is represented by the 


open boxes. 


Optical density is plotted on the right ordinate with protein 


the solid dots ®———®@ and sialic acid the open dots O-———O. 


tein concentration at the O segment (A-1 or C-1 
in some sera). However, virtually all of the na- 
tive vitamin B,, was recovered anodally (83 to 
92 per cent found in segments A-2 to A-6), with 
peak concentrations in A-3 to A-5 segments. 
The distribution of the native vitamin B,, and of 
the nondialyzable B,,* bound to the same serum is 
shown in Figure 6 and is representative of the 
findings in a group of seven such sera. The na- 
tive vitamin had the same anodal distribution as 


previously described. Only a small amount of 


B,.* was found anodally, segments A-2 to A-6 con- 
taining an average of 80 pug. per ml. + 17, range, 
28 to 183 pug. per ml. The proteins with the 
greatest binding ability for the added B,,* were 
found at the origin and C-1 to C-3 segments. The 
binding of B,,* by A-2 to A-6 segments was equal 
to an average of 6 per cent + 4, range, 3 to 15 per 
cent of the total bound radiovitamin. The satu- 
ration of the B,.BP (located at A-2 to A-6 seg- 
ments) as estimated from the ratio of the native 
bound vitamin to the total vitamin that could be 
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bound and was equal to an average of 78 per cent 
+ 13, range, 57 to 94 per cent. 

The distribution of vitamin B,, in a CML se- 
rum (Figure 7) is representative of a group of 
four such sera. As in the normal, the protein 


negligible, while the native vitamin B,, was vir- 
tually all found anodally with peak concentrations 
at A-3 to A-5 segments. The distribution of the 
native vitamin and of the nondialyzable B,,* (Fig- 


ure 8) is representative of a group of three such 


concentration of the A-2 to A-6 segments was sera. The native vitamin had the same anodal 
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Fic. 6. DistrrsuTION OF NATIVE VITAMIN B,, AND OF Bounp (Non- 
DIALYZABLE) B,,* AMONG THE PROTEINS OF NORMAL SERUM SEPARATED BY 
ELECTROPHORESIS ON STARCH GEL aT PH 4.5 


Normal serum and an aliquot of the same serum containing bound (non- 
dialyzable) B,.* were electrophoresed on the same starch block. The native 
vitamin shown by the open boxes was measured by Euglena gracilis assay 
while the bound radiovitamin, shown by the ruled boxes, was measured by 
counting the radioactivity in each segment. The solid dots @©-——@ reter 
to protein concentration. 
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Fic. 7. Native VITAMIN B,, CONCENTRATION OF PROTEIN FRACTIONS OF 
CuHronic MyeLocenous Leukemic SERUM SEPARATED BY STARCH GEL 
ELECTROPHORESIS AT PH 4.5 

Vitamin B,, concentration is plotted on the left ordinate and is repre- 
sented by the open boxes. Optical density of protein is plotted on the 
right ordinate and is represented by the solid dots @——e@. 


distribution as described above. However, in equal to 48 to 78 per cent of the total serum bind- 
contrast to the normal, a large amount of the ing of B,,.*. The per cent saturation of the B,,BP 
added B,.* (2,200 to 3,973 pug. per ml.) was located at A-2 to A-6 segments ranged from 35 
bound by the A-2 to A-6 segments. The binding to 75 per cent, as calculated by the method out- 
of the radiovitamin by these anodal segments was lined above. 
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Fic. 8. Distripution oF Native VITAMIN B,, AND OF Bounp (Non- 
DIALYZABLE) B,,* AMONG THE PROTEINS OF CHRONIC MYELOGENOUS LEU- 
KEMIC (CML) SeruM SEPARATED BY ELECTROPHORESIS ON STARCH GEL AT 
PH 4.5 

CML serum and an aliquot of the same serum containing bound (non- 
dialyzable) B,,* were electrophoresed on the same starch block. The na- 
tive vitamin shown by the open boxes was measured by Euglena gracilis 
assay while the bound radiovitamin shown by the ruled boxes was measured 
by counting the radioactivity in each segment. Note the change in scale of 
vitamin B,, concentration plotted on the left ordinate from that of Figure 6. 
The solid dots ®@— —@ refer to protein concentration. 
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DISCUSSION 


A large fraction of the native vitamin B,, of 
normal serum was found in the seromucoid. Cohn 
Fraction VI, thought to be similar to the seromu- 
coid in composition (19), contained little of the 
vitamin. In Method VI of Cohn and associates, 
the major protein fractions of plasma are isolated 
by a series of precipitations which depend on 
changes in pH, ionic strength and ethanol con- 
centration (14). Some coprecipitation of the 
seromucoid routinely occurs wher it is prepared 
from serum by precipitation of the serum pro- 
teins with sulfosalicylic or perchloric acid (10), 
and similarly it may be presumed that coprecipi- 
tation of the B,,BP with each Cohn plasma frac- 
tion may account for the absence of selective con- 
centration of the vitamin in Fraction VI. 

Since the great bulk of serum proteins have 
isoelectric points of 4.5 or higher, they either re- 
mained at the origin or migrated cathodally at this 
pH. However, due to the more acidic isoelectric 
point of the B,,BP, it migrated anodally with the 
other proteins of the seromucoid. The native vi- 
tamin B,, in serum or seromucoid preparations 
was usually distributed over a relatively wide 
anodal area of the starch block, with peak concen- 
trations found in a 2 to 3 cm. width. Trailing of 
the protein and/or diffusion of the B,,BP during 
the electrophoretic run may account for the wide 
distribution of the vitamin and does not neces- 
sarily indicate the presence of more than one bind- 
The anodal distribution of vitamin 
B,. was simliar to, but not identical with, that of 
the main protein and sialic acid peaks of the sero- 
mucoid or its chief constituent, the acidic a,-gly- 
coprotein (19, 21). Despite their somewhat simi- 


ing protein. 


lar mobility, the B,,BP is probably not the acidic 
a,-glycoprotein, since 1) the B,,BP was not se- 
lectively precipitated with Cohn Fraction VI, 
whereas the acidic «,-glycoprotein has been found 
only in this fraction (19) ; and 2) Fahey, McCoy 
and Goulian fractionated serum on a diethylami- 
noethyl cellulose ion-exchange column and found 
that the B,,BP was eluted off before the acidic 
a,-glycoprotein (22). A small amount of the na- 
tive vitamin B,, of normal serum (10 per cent) 
was found scattered among cathodally moving 
proteins. It is impossible to know whether this 
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represents technical error in the measuring of 
small amounts of the vitamin or another B,,BP. 
The B,,.BP of CML serum had properties simi- 
lar to the normal B,,BP since 1) it was found 
in the seromucoid, and 2) had anodal mobility 
when electrophoresed on starch gel at pH 4.5. 
Mendelsohn, Watkin, Horbett and Fahey found 
that both the normal and CML B,,BP behaved 
similarly when serum was chromatographed on a 
diethylaminoethyl cellulose ion-exchange column 
(23). These chemical similarities between the 
normal and the CML B,,BP strongly suggest that 
the increased concentrations of vitamin B,, uni- 
formly found in CML serum in relapse is due to 
an increase in concentration of the normal B,,BP 
rather than to an abnormal protein, Despite the 
tremendous increases in concentration of the 
B,,.BP in CML sera (amounting to as much as 
100-fold in one patient we have studied), only 
slight increases in the concentration of the total 
seromucoid fraction have been reported in this 
(24). However, the concentration of 
B,,.BP in normal serum is probably minute as 
compared to that of the total seromucoid. Thus, 
the B,.BP of a typical normal serum, when com- 
pletely saturated, can bind approximately 0.65 
myg. per ml. If the molecular weight of the 
B,.BP is similar to that of the orosomucoid, 1.¢., 
44,000 (25), and if one molecule of the B,,BP 
can bind one molecule of vitamin B,, (molecular 
weight, 1,343), the concentration of normal B,,BP 
would be equal to 2.20 yg. per 100 ml. serum. 
Even a 100-fold increase in concentration of 
B,.BP, to 0.22 mg. per 100 ml., would represent 
only an increase of 0.2 per cent over the normal 


disease 


concet.tration of the seromucoid, an increase well 
within the error of the chemical determination. 
It would appear that the elevations in seromucoid 
concentration found in CML are contributed by 


of the seromucoid other than the 


constituents 
} : 


% 


Va idditional B,.* was added to normal 
serum, the bovnd (nondialyzable) radiovitamin 
was almost all associated with proteins found at 
the origin or cathodal segments, whereas a very 
small amount of the added B,,* was bound by 
the anodally migrating B,,BP. This 
that at the levels of vitamin B,, found in normal 


serum, the B,,BP approaches saturation and, 


suggests 


therefore, the addition of further vitamin results 
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in the binding of the vitamin to nonacidic pro- 
In CML serum on the other hand, there ap- 
pears to be a commensurate increase of the B,,BP 
in association with the increased level of vitamin 
3... so that although the relative saturation of the 


teins. 


former remains approximately normal, the abso- 
lute binding capacity for added vitamin B,, is 
greatly increased. 

The B,,BP has chemical properties similar to 
those of the acidic a,-glycoprotein and the a,-gly- 
coprotein isolated from Cohn Fraction VI (19, 
Thus, they are all relatively heat resistant, 
are all soluble in sulfosalicylic or perchloric acid, 
are all precipitated by phosphotungstate in 2 
N HCI and all have acidic isoelectric points as 
compared with other serum proteins (11, 12, 19, 
21, 26, 27). The acidic a,-glycoprotein (19) 
and the a,-glycoprotein (26) are mucoid glyco- 
significant 
This 


20). 


proteins, 1.¢., containing 
amounts of firmly bound hexosamine (28). 


proteins 


would suggest that the B,,BP may be a mucoid 
glycoprotein, although direct confirmation of such 


a structure must await its isolation in pure form. 
It is of interest that intrinsic factor (29, 30) and 
(31) are probably also mucoid 
glycoproteins. The available evidence suggests 
that the B,,BP is not, however, identical with 


erythropoietin 


either of these substances. Thus, intrinsic factor 
has a differing electrophoretic mobility at pH 8.6 
(32) and its binding sites for vitamin B,, are 
relatively heat labile (33). Recently, we have 
found a vitamin B,,-binding substance in CML 
urine which resembles that found in CML serum 
(34). 
to patients with pernicious anemia in amounts 
sufficient to bind an oral dose of B,,*, had no in- 
trinsic factor activity. Also, increased erythro- 
poietin levels have been reported in such diseases 
as chronic lymphatic leukemia (35), carcinoma of 
the cervix (35), secondary polycythemia (36) and 
hypoplastic anemias (37), whereas vitamin B,, 
levels are not particularly increased in these con- 


This urinary material, when given orally 


ditions. 
It seems reasonable to suppose that the B,,BP 
functions as a transport protein for vitamin B,,. 


The seromucoid fraction, representing a readily 


accessible, easily prepared, and easily concentrated 
source of the B,,BP, should aid in experiments 
designed to elucidate the role played by this pro- 
tein in vitamin B,, metabolism. 


~ 


AARON MILLER AND JOHN F. 


SULLIVAN 


SUMMARY 


1. A method for the separation of the vitamin 
B,,-binding protein (B,,BP) of normal and 
chronic myelogenous leukemia serum by electro- 
phoresis on starch gel at pH 4.5 has been described. 

2. The B,,BP of normal serum has been identi- 
fied as a constituent of the seromucoid fraction of 
serum. It is a protein with an electrophoretic mo- 
bility at pH 4.5 similar to that of the acidic a,-gly- 
coprotein, the most acidic protein found in serum. 
However, it was not selectively precipitated with 
Cohn Fraction VI. 

3. The B,,BP of chronic myelogenous leuke- 
mia serum had properties similar to the normal 
B,.BP, suggesting that the great increase in vi- 
tamin B,, levels found in chronic myelogenous 
leukemia sera results from an increased concen- 
tration of the normal B,,BP rather than from an 
abnormal protein. 

4. Only a very small fraction of the cobalt®- 
labeled vitamin B,, bound by normal serum as de- 
termined by dialysis was bound to the B,,BP. In 
contrast to the normal, the largest fraction of the 
cobalt®’-labeled vitamin B,, bound by chronic 
myelogenous leukemia serum was bound by the 
B,.BP. 
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The high cardiac output state has occasioned 
much interest in recent years, particularly when 
associated with clinical heart failure. The etiology 
of a high cardiac output is often clinically obvious 
or easily ascertained by pertinent laboratory tests. 
Most persistent elevations of cardiac output can be 
attributed to arteriovenous fistulae, to arterial 
anoxemia or anemia, or to metabolic or hormonal 
alterations in vasomotor tone and blood flow dis- 
tribution. Isolated elevations of blood flow unex- 
plained by these mechanisms can usually be re- 
lated to the occurrence of anxiety at the time of 
study (1). 

Although a discrete alteration in the “set” of 
the regulatory mechanism for cardiac output has 
yet to be described, disturbances of the mechanism 
for the regulation of heart rate (2) and blood pres- 
sure (3) are well known. On the other hand, al- 
most every cardiovascular laboratory has seen an 
occasional patient in whom cardiac output is per- 
sistently and inexplicably increased. It is the 
purpose of this report to present a group of in- 
dividuals who show in association a persistently 
elevated cardiac output, cardiac murmur and car- 
diac hypertrophy. No specific etiology for these 
changes could be demonstrated by known clinical 
or laboratory methods. The patients came to our 
attention initially either because of the presence 
of unexplained cardiac murmurs detected on 
routine physical examination’ or because of ab- 
normal electrocardiograms. 

* Presented at the National Meeting of the American 
Society for Clinical Investigation, Section Meeting, May 
3, 1959 and previously published (Hyperhemorrhea of un- 
cause: A_ possible physiologico-clinical entity 
(abstract). J. clin. Invest. 1959, 38, 1007). 

+ Investigator, Howard Hughes Medical Institute. 
This work was supported by grants from United States 
Public Health Service (N.I.H. H-2637), the Kriendler 
Memorial Foundation, Wyeth Laboratories, Massachu- 
setts Heart Association (No. 390) and Warner-Chilcott 
Laboratories. 

1 The authors are deeply indebted to Dr. J. C. Wells of 
the Harvard University Department of Hygiene who re- 


known 


MATERIALS AND METHODS 


Eight patients were studied. A complete history was 
obtained and physical examination performed. A _ 12- 
lead electrocardiogram, urinalysis and chest X-ray and 
fluoroscopy were obtained; and the hematocrit and blood 
urea nitrogen determined. Cardiac catheterization was 
carried out in all with measurement of pulmonary and 
systemic pressures. Left to right intracardiac shunts 
were sought by analysis of oxygen or nitrous oxide 
samples (4) drawn consecutively from the pulmonary 
artery, right ventricle, right atrium, venae cavae and in- 
nominate vein. Cardiac output was measured during the 
catheterization by the direct Fick method. Repeat outputs 
were obtained on at least one and usually two or more 
subsequent occasions, utilizing both continuous sampling 
and external surface counting direct writing isotope (I 
albumin) dilution techniques (5). 

A total of 30 measurements of cardiac output was made 
in eight individuals during the resting state. Values were 
recorded during a four minute exercise period in six pa- 
tients and 10 minutes after recovery from effort, at which 
time pulse rate was at or below pre-exercise levels. Out- 
puts were estimated one to two hours following sedation 
in five patients. In addition, in five patients cardiac out- 
puts were determined only after nighttime sedation had 
been followed by a four to five hour period of rest (or 
sleep) in a darkened room free of auditory and visual 
stimuli. The brachial arterial pressure curve was re- 
corded on at least two occasions with measurements of 
phasic and mean pressures and the duration 8f systolic 
ejection. Arterial pH, pCO, and O, saturations were 
determined (6); blood lactates and pyruvates were ana- 
lyzed 2 (7, 8); thyroid function was studied by means of 
basal metabolic rate, 24 hour I** uptake and measurement 
of protein-bound iodine. Blood catechol amines? were 
measured by the Aronow and Howard modification of 
the method of Weil-Malherbe and Bone (9, 10) at rest 
and on exercise. Calculations of cardiac work and periph- 
eral vascular resistance were carried out as described 
elsewhere (4). 


ferred two of the patients and aided in their follow-up. 
Dr. Lewis Dexter graciously permitted us to report data 
on two patients studied in his laboratory. 

2The authors are grateful to Drs. Dale Friend and 
Albert Renold of the Harvard Medical School through 
whose laboratory assistance we were able to obtain 
catechol amine levels and lactate-pyruvate studies. 
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THE IDIOPATHIC HIGH 


CARDIAC OUTPUT STATE 


TABLE I 


Clinical, ECG and X-ray findings in 


patients with idiopathic high output state 








.R, 





Clinical examination 
Related symptoms 


Systolic murmur: 
1 yr. 19 yrs. 
LS5* té,': 3 LISt 
base to rt. 


P-Ct 
blowing 
pan- 
systolic 


Duration 
Location and radiation 


short 
mid- 
systolic 


Characteristics 


Grade II Ill 


Overactivity : 


Carotid artery 
Left ventricle 
Right ventricle 


N 
a 
N 


Systolic hypertension + 
ECG 
Right ventricular hypertropy 
Incomplete right bundle branch 
block 
Left ventricular hypertrophy 
X-ray 


Cardiac enlargement 

Right ventricular prominence 
Left ventricular prominence 
Pulmonary artery prominence 
Pulmonary vascular prominence 


oa 


* LSB =left sternal border. 
+ LIS=third left intercostal space. 
t P-C =precordium. 


Subjects 


All were males between the ages of 17 and 48 
with an average age of 27 years. One patient had 
associated mild mitral stenosis, atrial fibrillation 
and disabling pulmonary symptoms. Of the re- 
maining seven patients, only one (A. N.) had 
symptoms referable to the heart. He had moderate 
exertional dyspnea and fatigue and was the patient 
with the greatest cardiac enlargement; he also 
showed electrocardiographic evidence of com- 
bined ventricular involvement. All eight patients 
could be characterized as “anxious” but, neverthe- 
less, effective individuals. One 
athlete, and three were engaged actively in sports. 
Patients T. M., R. L. and B. H. have had known 
heart murmurs since childhood. 

The patients as a group were well-developed, 
well-nourished individuals with normal eating 


was a trained 


6 wks. 
LSB to 
apex + 
base 
blowing 
early 
systolic 


24 vrs. 10 yrs. 
3 LIS to LSB to 
base + base + 
P-C apex 
short rough 
high- pan- 
pitched _ systolic 
systolic 
IV 


42 yrs. 
apex to 
P-C 


2 yrs. 
LSB to 
apex 


15 yrs. 
base 


blowing 
pan- 
systolic 


short 
mid- 
systolic 


blowing 
pan- 
systolic 


II Ill II IV Ill 


of 
of 
N 


habits and average diets and, excluding the pa- 
tient with mitral stenosis, revealed the following 
physical findings. A precordial systolic murmur 
varying from Grade II to IV * was heard in all 
patients; the murmurs varied in locale somewhat 
but were loudest along the left sternal border with 
frequent radiation to the base or apex; the quality 
and configuration of systolic murmur varied from 
patient to patient (Table 1). Position and respira- 
tion had no consistent effect, while effort in- 
creased the intensity of the murmur. A right 
ventricular (left sternal border) heave was noted 
in two, a forceful apical thrust (left ventricular 
overactivity) in six, and hyperactivity of the ca- 
rotid arteries in seven. Blood pressure was noted 
to be labile from examination to >xamination, and 
four of the individuals showed a moderate systolic 
hypertension. No bruits were noted over any of 


3 Graded on a scale I to VI. 
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TABLE II 


Special laboratory tests in patients with high cardiac output 








Systemic arterial 


Total Protein 


Plasma catechol 
amines 





blood 
volume 


bound 


Hemato- 
i iodine 


Patient crit 


p CO: 


Epi- Norepi- 


nephrine nephrine Lactate Pyruvate 





mm, 
Hg 


G.S. 2. ' 34 
R.L. 3. 
L. P. 40 


R. A. 3 5.4 ‘ 34 
R. R. 5. 3. : 32 
B. H. Yo 

T. M. 4 3: a 42 
A. N. : .. s a 35 
Average 3. . od 36 


* Twenty-four hour I" uptake. 


the limbs or visceral organs, and there was no 
evidence of skin or mucous membrane angiomas. 
Electrocardiographic examination (Table I) re- 
vealed right ventricular hypertrophy * in one; in- 


4 Right ventricular hypertrophy was indicated by right 
axis deviation, R/s quotient greater than one in V, and 
associated T Incomplete right bundle 
branch block was evidenced by a polyphasic ventricular 
complex (type r s R’, RsR’, and so forth) with a dura- 
tion of less than 0.12 second in right precordial leads. 
Left ventricular hypertrophy was inferred from increased 
voltage (QRS greater than 26 mm. in V, or V, or Sy, 
plus Rvysor, greater than 35 mm.) and delayed intrinsicoid 
deflection in left precordial leads (11). Three of the 
cases with left ventricular hypertrophy showed the 
slightly elevated, upwardly concave ST segments and 
peaked T waves in the left precordium that have been 
described as “diastolic overloading” (12). 


wave changes. 


meg./ me./ 
100 ml. 100 ml. 


8.6 0.48 
10.6 0.5 


0.23 
0.46 


0.39 
0.47 


0.42 





complete right bundle branch block * in three and 
left ventricular hypertrophy‘ in six. In Patient 
T. M. hypertrophy had been known to be present 
for 13 years. It is perhaps of greatest importance 
that in no patient was the electrocardiogram en- 
tirely within normal limits. X-ray examination 
(Table I) revealed a normal size heart in six of 
the eight patients. The patient with mitral sten- 
osis (B. H.) showed enlargement in the typical 
mitral configuration. The éighth case (A. N.) re- 
vealed generalized cardiomegaly with enlargement 
of both right and left ventricles and marked pul- 
monary arterial plethora. Prominence of the 
right ventricle, as indicated by shouldering in the 
left anterior oblique view and contiguity of half 
of the cardiac silhouette with the anterior chest 


TABLE Ill 


Hemodynamic data at rest during cardiac catheterization in patients with high cardiac output 





Arterio- 
venous 

oxygen 
differ 


ence 


Oxygen 
Body con- 
surface sump- 
Patient area tion 


Cardiac 


ce./ vol, 
min./ per 
M. cent 


197 
205 
162 
158 
210 
171 
125 
189 


177 


aul al ald al al el ae 
CO CNIASO=!+100 * 
= CWUIMNSwWom 
NNHPNNN®S 
Co ONNAA=0 
DA ANArwDRVAUW EEN | 
Bm UATWOOR O00 EFS | 
~ 


— 
tN 


Average 


Heart 
index rate 





Brachial artery 
Pressure Systolic 
Stroke ————————-__ ejection 
index S/D* Mean period 


Systemic ventric- 

vascular ular 
resist- work 
ance index 





cc./ dynes- Kg. M./ 
beat/ mm. sec./ S€C.- min./ 
mm, Hg beat cm.“ M2 


147/94 0.36 816 
150/75 0.24 625 
122/74 0.28 735 
105/65 0.33 675 
148/75 0.28 432 
152/82 0.26 869 
124/55 0.28 650 
143/81 600 


136/75 657 


— 


— Seen 
2 SSeSeoneo- 
SD WOSwWYIBWHRLO 


_ 
o 





*S/D =systolic/diastolic. 
¢ Auricular fibrillation. 
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COMPARISON OF AVERAGE HEMODYNAMIC VALUES AT REST AND DURING EFFORT BETWEEN 


NoRMALS AND PATIENTS WITH HicH Carpiac OutTPuUT 


CI =cardiac index; A-V O,= arteriovenous oxygen difference; SVR = systemic vascular 
resistance (dynes-sec.-cm.*) ; HR = heart rate; qO, = oxygen consumption. 


wall, was seen in three patients. Prominence of 
the left ventricle, as indicated by increased con- 
vexity of the left border in the posteroanterior 
view and posterior enlargement in the left an- 
terior oblique view, was seen in three individuals. 
The main pulmonary artery was increased in four 
and the vasculature was prominent in five. X-ray 
abnormalities had been present in Patient T. M. 
for the past 15 years. 


Clinical laboratory tests 


Hematocrit reading (Table II), blood urea ni- 
trogen and urinalysis in all patients were normal. 
Bone films taken in one individual, whose head 
appeared to be slightly enlarged, revealed no evi- 
dence of Paget’s or other bone disease. <A cold 
pressor test was positive in five out of six pa- 
tients tested (Table IT). 


Hemodynamic observations (Table III, Figure 1) 


The cardiac output was measured 30 times in 
the resting state (Figure 2) by at least two dif- 
ferent methods, one of which was always the Fick 
method (Table III). Output determinations 
were repeated on subsequent days. Regardless 


of the technique used, whether measured before or 
after exercise, with or without sedation, cardiac 
outputs averaged twice as high as our laboratory 
normal value estimated under similar conditions. 
The values ranged from 4.7 to 8.7 L. per minute 
per M.? with an average of 6.0 (S.D.+ 1.1 L.) 
(Figure 2), while our normals ranged from 2.5 
to 4.7 L. per minute per M.? with an average of 
3.5 L. per minute per M.? (S.D.+0.6 L.).5 In 
T. M. the first elevated cardiac output was meas- 
ured in 1946 and was still increased when meas- 
ured again 13 years later. In A. N. and R. R. 
elevated outputs were recorded in 1957 and in 
1959, Observations were made during attempted 
sleep in five patients. Cardiac output remained 
unchanged in three but fell from 6.7 to 4.3 L. per 
minute per M.? and from 5.3 to 2.6 L. per minute 
per M.? in the other two patients (Figure 3). 
Normally, sleep results in a 40 per cent reduction 
in cardiac output (13). The arteriovenous dif- 
f ce was narrowed at rest to 60 per cent of 
normal. The oxygen consumption was 25 cc. (or 
15 per cent) higher than our average normal 


5 The standard error of the difference between the 
means is 0.27 indicating that the difference is significant 
and unlikely to have arisen by chance. 
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value. The heart rate at rest (79 per minute) 
was normal. The resting stroke volume was twice 
normal. Pulse pressure at rest was somewhat 
wider than that of the laboratory normal but was 
associated, nevertheless, with a normal systolic 
ejection period for the cardiac rate. Systolic hy- 
pertension was noted clinically in four patients and 
directly recorded in five of the eight patients. 
Systemic vascular resistance was reduced to ap- 
proximately 70 per cent of normal, reflecting the 
peripheral vasodilatation. 


Exercise cbservations (Figure 4) 


Six patients were exercised for a four minute 
period. Oxygen consumption rose an amount 
equal to or exceeding that of our normal patients, 
but was met by increased oxygen extraction and 
continued deliverance of the already elevated (but 
unchanged ) cardiac output. The cardiac rate rose 
normally on effort with a concomitant fall in 
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stroke volume. Blood pressure response on ef- 
fort was similar to the normal, and systemic vas- 
cular resistance, already reduced at rest, changed 
little. This latter pattern simulated the normal 
dynamics during effort (Figure 1 and 4) and the 
overall change from rest dynamics to exercise 
dynamics simulated that seen in patients with 
acute transient anxiety subjected to exercise (1). 


Special studies—Cardiac catheterization 


$y means of multiple diagnostic techniques, a 


left to right shunt at all levels within the heart 
and great vessels was ruled out in each patient. A 
high venous oxygen content was observed in both 
the superior and inferior venae cavae indicating 
that the vasodilatation was diffuse. Their simi- 
larity was additional evidence against a large ves- 
sel arteriovenous shunt. 


Mild 


area = 2.5 cm.? (14)—was detected in one pa- 


mitral stenosis—calculated mitral valve 
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The average value was 3.5 L. per minute per M.’. 
single determination of cardiac output in a patient with high cardiac output. 
The average for the group was 6.0 L. per minute per M.’. 


an output estimated during sleep. 
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EFFECT OF SLEEP OR PROLONGED Rest IN Quiet DARKENED Room on Carprtac Output 


AND BLoop PRESSURE 


While the blood pressure tended to decrease in all, the cardiac o1.tput showed a variable response. 
tient, however, did output fall to a normal value during sleep. 


normal at rest. 


tient (B. H.) and was markedly aggravated by 
the extremely high rate of blood flow. As a re- 
sult, pulmonary capillary pressure was elevated to 
25 mm. Hg. In Patient A. N. there was evidence 
for early left ventricular failure as indicated by an 
increased exercise pulmonary capillary pressure 
in the absence of mitral stenosis. Pulmonary he- 


modynamics were normal in the other six patients. 


Blood chemical studies (Table IT) 


Arterial oxygen saturation, pCO, and pH 
were within normal limits; blood lactate and py- 
ruvate and catechol amine levels were normal at 
rest and on effort. Thyroid studies were normal 
in all eight patients. Circulating blood volume was 
within normal limits in six of the seven patients 
studied. The elevated volume in A. N. may be 


partly a consequence of associated heart failure. 


In only one pa- 
Changes in pulse rate are not shown, as they were 


DISCUSSION 


Decreased peripheral resistance is apparently 
of major etiological significance in most hyper- 
kinetic states as is demonstrated by the opening 
and closing of an arteriovenous fistula (15-17). 
On the other hand, to maintain perfusion pres- 
sure, the primary resistance fall must be accom- 
panied either by an increased venous return or 
neurohumoral cardiac stimulation in order for the 
secondary rise in output to occur (18). 

When sympathetic neurohumoral stimulation is 
the mechanism of the hyperkinetic state, similar 
coordinated adjustments occur between heart and 
periphery. As the contractility increases with 
increased systolic emptying per beat, there is a 
peripheral vasodilatation particularly in the muscle 
and splanchnic vascular beds. This could be pri- 
mary to the sympathetic discharge or secondary to 
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baro-receptor moderator reflexes as the heart ini- 
tially discharges at a higher pulse pressure. 
cause we do not as yet know the precise nature of 
the syndrome herein presented, it is difficult to 
ascertain whether the high cardiac output is a 
primary abnormality or secondary to a decreased 
peripheral vascular resistance. 

In this group of eight young maies, iniracardiac 
and great vessel shunts, hyperventilation, acidosis 
and pheochromocytoma seem to be ruled out by 
laboratory tests. Evidence against thyrotoxicosis 


was best obtained from the protein-bound iodine 
values, rather than from the resting oxygen con- 
sumptions which were not measured in the basal 


state. Mild beriberi is excluded on clinical 
grounds and by the normal pyruvate values at 
rest and on effort. Similarly, there was no evi- 
dence for arterial unsaturation, anemia, severe 
pulmonary disease, Paget’s disease or hepatic 


cirrhosis in any of these individuals. Blood vol- 


Be- 
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ume was normal in all but one patient, and hyper- 
volemia per se has not been shown to induce a 
chronic increase in cardiac output (19,20). Phys- 
ical examination and X-ray served to exclude, in- 
sofar as one can, the possibility of a large vessel 
arteriovenous fistula. Also against this possibility 
was the fact that venous oxygen saturation for 
both upper and lower venae cavae was similar as 
well as abnormally high. 

The following possibilities must be considered. 
The first is multiple small vessel aneurysms 
throughout the body, i.e., a variant of Osler- 
Weber-Rendu disease. None of these patients had 
cherry-red spots, telangiectasia or hemangiomas 
of any sort, nor was there any history of epistaxes 
or gastrointestinal bleeding. Although unlikely, 
this possibility cannot be totally disproved. Holm- 
gren and associates (21) have described a syn- 
drome called “vaso-regulatory asthenia.” Al- 
though all of their cases had high cardiac outputs 
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Cardiac rate was normal at rest and increased in normal fashion on effort. 


Note the abnormally high stroke volume at rest which decreased to a nor- 


The elevated 


resting cardiac output generally remained unchanged on effort due to reciprocal changes in rate and stroke output. 
Oxygen extraction by the tissues, narrow at rest, widened normally on effort. 
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and narrow arteriovenous oxygen differences, the 
patients also had marked subjective symptoms of 
severe fatigue, precordial pain, heart conscious- 
ness, breathlessness and dizziness. In compari- 
son, none of our patients had similar symptoms. 
On the other hand, none of their patients had 
cardiac murmurs or ventricular hypertrophy, and 
lungs and heart size were normal on X-ray exam- 
ination. Whereas the abnormalities reported by 
Holmgren and co-workers reverted to normal af- 
ter a period of vigorous physical training, four of 
our patients were in good physical training at the 
time of the study. Neurocirculatory asthenia like- 
wise was excluded by lack of symptoms of. fa- 
tigue, and normal exercise oxygen consumption 
and lactate levels (2, 22). 

Acute transient anxiety can produce hemody- 
namic alterations identical with those seen in our 
patients (1, 23). Even the fact that heart rates 


were almost invariably normal and resting oxygen 
consumptions only slightly elevated would not 
necessarily rule out the acute anxiety state (1). 
On the other hand, sedation had no effect on our 
patients, and sleep caused a diminution in cardiac 
dynamics in only two cases and relatively minor 


No conclusions can 
be drawn from the normal catechol amine levels 
because the relationship between acute and chronic 
anxiety states and amine values has not as yet 
been clearly defined (24, 25). Finally, the multi- 
plicity of studies by simple technics, the persistence 
of abnormalities over one to 13 year periods, and 
other evidence of cardiac involvement militate 
against these observations reflecting merely an 
acute transient state. On the other hand, a 
chronic, persistent or frequently recurrent, easily 
provoked anxiety state could lead to just this 
situation. It is noteworthy that each of these 
individuals showed an effect generally character- 
ized as “anxious.”” They were invariably hard- 
working and tense, both during laboratory tests 
and in the performance of their normal daily rou- 


changes in blood pressure. 


tines, and had both labile blood pressure and 
positive cold pressor tests. 

It seems probable that a new “set” has been ap- 
plied to circulatory regulation such that either 
“resting” output is chronically elevated or the sys- 
tem over-reacts to ordinarily insignificant stimuli. 
This may be related to an unusual autonomic re- 
sponse to anxiety or to unexplained central and 
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autonomic nervous dysfunction. Rushmer and 
Smith (26) have shown that stimulation of a 
specific site in the dog’s midbrain can evoke the 
complete “exercise response” with elevation of 
cardiac output and rate. Whether such a center 
exists in man, and therefore results in high cardiac 
output through improper regulation, cannot be 
stated at present. 

Whether the persistently elevated output noted 
during all of our studies remains so at all times 
outside the laboratory situation, or is intermittent, 
is unknown. The striking fact remains that, con- 
trary to the usual anxiety state, the hyperactive 
circulation in these patients occurred in association 
with other objective evidence of cardiac involve- 
ment: cardiac murmurs, cardiac overactivity, elec- 
trocardiographic evidence of cardiac hypertrophy 
and occasional gross enlargement and pulmonary 
plethora. Other high cardiac output states, pat- 
ent ductus arteriosus, thyrotoxicosus and arterio- 
venous fistula (presumably through elevation of 
cardiac output), eventually lead to left ventricular 
hypertrophy and ultimately to congestive heart 
failure. Whether the same is true here is not 
known. This group may constitute another dis- 
ease entity characterized by a cardiac output 
chronically elevated above normal, and this eleva- 
tion and associated systolic hypertension may lead 
to or be associated with signs of cardiac damage. 
Certainly, long duration of the high blood flow 
state is indicated by T. M. and evidence of ulti- 
mate functional impairment is shown in Patient 
A.N. 

Hyman (27), in a report on asymptomatic heart 
disease in 350 young men, includes 26 patients, 
all of whom had a point of maximal impulse out- 
side the midclavicular line or below the fifth in- 
tercostal space or both. Seven of 11 with electro- 
cardiographic abnormalities had left axis deviation 
in the limb leads. At the other end of the spec- 
trum, anatomically proved cardiac hypertrophy of 
unknown etiology in adults has been reported by 
Levy and Rousselot (28) and others (29-34). 
Some of these patients at least, particularly from 
Hyman’s series of young men, may represent 
stages in the natural history of a disease process 
in which the anatomic abnormality noted is an ex- 
pression of the same hyperkinetic state found in 
our patients. 
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SUMMARY 


Eight patients have been studied who had in 
common the following clinical features: a pre- 
cordial systolic murmur; hyperkinetic heart and 
arteries ; ventricular hypertrophy by electrocardio- 
gram; and, frequently, pulmonary plethora by 
X-ray. 

Hemodynamic observations revealed peripheral 
vasodilatation and a persistently elevated cardiac 
output. This latter finding was confirmed on 30 
separate determinations including rest, sedation 
and sleep in selected patients. Cardiac catheteriza- 
tion and other pertinent studies failed to reveal 
evidence for the usual causes of the high output 
state. 

The association of a high owput state with 
cardiac murmur, cardiac hyperactivity and hyper- 
trophy suggests the possibility of a distinct clinico- 


physiologic syndrome. 
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It has been shown that subjective feelings of 
hunger (1) and even objective phenomena such as 
gastric hunger contractions (2) can be correlated 
with a decreased arteriovenous glucose differ- 
ence across the forearm. This decrease in ar- 
teriovenous difference of glucose was thought to 
indicate a decreased rate of glucose utilization by 
peripheral tissues and its role in hunger regulation 
has recently been reviewed by Mayer (3, 4). 
Since the brain is particularly dependent on glu- 
cose for metabolism it would be of interest to de- 
termine its response to the fasting state and the 
ingestion of a test meal. If, in the fasting state, 
such decreased utilization of glucose occurs in the 
brain as does peripherally, it would be of inter- 
est to know what other carbohydrate substances 
are utilized and particularly whether or not varia- 
tion in the amount of glucose taken up by the 
cerebral tissue is related to the sensation of hunger. 


MATERIAL AND METHODS 


Eight subjects were studied after a 14 hour period of 
fasting. The patients were selected from the general 
hospital wards and although they presented various forms 
of disease (rheumatic heart disease, hypertensive heart 
disease and anxiety tension states) they had no known 
intracranial disease and were of normal body weight. 
In some subjects a cardiac catheter was advanced through 
the left antecubital vein, the left internal jugular vein and 
into the jugular bulb. In others the jugular bulb was 
punctured percutaneously. The catheter or needle was 
then attached to a manifold to permit rapid sampling. 
A Cournand needle was placed in a peripheral artery and 
attached by plastic tubing to a heparin filled manifold 
for rapid sampling and to a strain gage for pressure re- 
cording by way of a Sanborn Poly-Viso. Mean pres- 
sures were determined by electrical integration of the 

* This research was supported in part by grants from 
the Wisconsin Heart Association, the National Heart 
Institute of the United States Public Health Service, and 
the Wisconsin Alumni Research Foundation. 


pressure curve. Arterial and internal jugular venous 
blood content of glucose, lactate and pyruvate were de- 
termined, respectively, by the methods of Folin and 
Malmros (5), Friedemann and Haugen (6), and Barker 
and Summerson (7). Arterial and cerebral venous blood 
specimens were analyzed for oxygen and carbon dioxide 
content by the Van Slyke-Neill manometric technique. 
Cerebral blood flow was determined by the nitrous oxide 
method of Kety and Schmidt (8). 

In each subject cerebral blood flow was determined in 
the fasting state as were the glucose, lactate and pyru- 
vate in the arterial and internal jugular venous blood 
The subject was then fed a standard breakfast consisting 
of two slices of toast (each covered by one pat of 
butter), a glass of milk, and a small glass of orange 
juice containing one heaping teaspoonful of sugar. This 
meal was estimated to contain approximately 60 Gm. 
carbohydrate, 15 Gm. protein, and 20 Gm. fat. De- 
terminations of glucose, lactate and pyruvate were made 
in the arterial and internal jugular venous blood at in- 
tervals of 15, 30, 45 and 60 minutes after completion 
of this meal. Cerebral blood flow was determined again 
between 30 and 45 minutes after the test meal. 

Calculation of cerebral consumption of glucose, lactate 
and pyruvate in the control period was done by multiply- 
ing the arteriovenous differences by the control cerebral 
flow. Since the 15 minute determination of these sub- 
stances was drawn halfway between the two determina- 
tions of cerebral blood flow, the average of these two ob- 
servations was used for calculating glucose consumption 
at this time. The calculation of carbohydrate consump- 
tion at 30, 45 and 60 minutes was done assuming the 
cerebral blood flow had remained the same at each of 
these periods, and that the flow at each interval was that 
which was measured between 30 and 45 minutes after 
Errors introduced by these 
assumptions and averages should be small, since there 
was so little change in the blood flow between the first 
and second determinations. 


the consumption of food. 


RESULTS 


Results of this study are summarized in Tables 


I and II. 
nificant changes in cerebral blood flow, vascular 


It will be noted that there were no sig- 
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resistance, oxygen consumption or respiratory 
quotient. Peripheral arterial blood pressure, pulse 
rate, hemoglobin, hematocrit and arteriovenous 
difference for oxygen and carbon dioxide were 
also remarkably stable. 

Although there was a considerable increase in 
the arterial level of glucose, the internal jugular 
glucose content increased also, so that the change 
in the arteriovenous difference remained small. 
During the time when the arterial glucose level was 
rising, the arteriovenous difference increased tran- 
siently. As the peak of the curve was reached the 
arteriovenous difference returned to normal and 
then as the arterial level began to fall the arterio- 
venous difference narrowed transiently. Finally, 
at the end of the study, it again returned to the 
control state. (See Figure 1.) The calculated 
glucose consumption increased somewhat but not 
significantly at 15 minutes, and at 45 minutes was 
less than during the control observations (p < 
0.05), even though the blood sugar content re- 
mained high at this time compared to the control 
observations. The arteriovenous difference for 
lactate and pyruvate indicated that in the fasting 
state the brain gave up both of these substances to 
the blood stream. After feeding, the blood level 
of both of these materials increased and they were 
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TABLE I 


Cerebral hemodynamic observations before and after eating 








Before After 





Mean arterial blood pressure 92 + 16* 90 + 17 


(mm. Hg) 


Arterial oxygen content 169+1.5 17.0+1.5 


(ml./100 ml. of blood) 


Arterial-internal jugular O2 
difference (volumes %) 


Cerebral blood flow 
(ml,/100 Gm. brain/min.) 


Cerebral oxygen consumption 
(ml. /100 Gm./min.) 


Cerebral respiratory quotient 0.98 + 0.06 0.96 + 0.07 


6.5 + 1.8 6.5 + 1.5 


52 + 12 55 + 14 


3.3 + 0.6 3.5 + 0.7 


* Standard deviation (in each case). 


taxen up by the brain. The increased lactate up- 
take proved transitory (see Table II) with neither 
extraction (r = 0.20) nor calculated consumption 
(r=0.21) significantly related to the arterial 
lactate level. The pyruvate extraction and calcu- 
lated consumption remained increased throughout 
the period of study and were correlated positively 
with the arterial pyruvate level (r = 0.70, p< 
0.001 and r = 0.68, p < 0.001, respectively). No 
difference was apparent between those who stated 
that they were hungry and those who were not. 


TABLE II 


Blood carbohydrate changes across the brain before and after eating 








Control 


15 min, 30 min. 60 min. 





Arterial glucose content 
(mg./100 ml.) 


Cerebral A-V{ glucose difference 
(mg./100 ml. blood) 


106 + 7.1* 


11 + 2.3 


144 + 19.8 


150 + 18.8 137 + 18.0 


13 + 2.5 10 + 2.7 8 + 4.6 10 + 2.7 


Cerebral glucose extraction 
(mg./100 Gm. brain/min.) 


Per cent arterial glucose extracted 


Arterial lactate content 
(mg./100 ml.) 


Cerebral A-V lactate difference 
(mg./100 ml. blood) 


Cerebral lactate extracted 
(mg./100 Gm. brain/min.) 


Arterial pyruvate content 
(mg./100 ml. blood/min.) 


Cerebral A-V pyruvate difference 
(mg./100 ml. blood) 


Cerebral pyruvate extraction 


5.5 + 1.1 


10.4 
5.9 + 2.0 


—0.5 + 0.9 


—0.23 + 6.37 


1.06 + 0.32 


~0.06 + 0.11 


-0.31 + 0.05 


~ * Standard deviation (in each case). 


+ Arteriovenous. 


7.1 + 2.2 


9.0 
9.6 + 4.2 


0.6 + 1.3 


0.36 + 0.19 


1.74 + 0.82 


0.14 + 0.21 


0.09 + 0.13 


5.5 + 1.2 


6.7 
11.6 + 4.8 


0.5 + 0.3 


0.29 + 0.16 


2.11 + 0.63 


0.16 + 0.08 


0.09 + 0.07 


4.0 + 2.1 


5.6 
13.3 + 4.5 


—0.2 + 0.8 


—0.08 + 0.43 


2.25 + 0.52 


0.15 + 0.23 


0.09 + 0.12 


5.6 + 1.8 


7.3 
12.2 + 3.1 


0.4 + 1.0 


0.15 + 0.37 


2.22 + 0.47 


0.24 + 0.08 


0.13 + 0.06 
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MEAN ARTERIAL AND INTERNAL JUGULAR BLoop CoNTENT OF GLUCOSE, LACTATE AND 


PyruVATE FoR E1gHtT SUBJECTS 


Values are plotted at the control determination (C) and at each 15 minute interval through- 


out the ensuing hour. 


DISCUSSION 


Previous reports of brain glucose, lactate and 
pyruvate extraction in the fasting state agree reas- 
onably well with those reported here and indicate 
that, whereas glucose is taken up by the brain in 
the fasting state, both lactate and pyruvate are 
Post- 
prandially, however, the state changes, with glu- 


given up to the perfusing blood (9, 10). 


cose consumption fluctuating above and below the 
control values, and lactate uptake fluctuating 
above the fasting level, while pyruvate was taken 
up consistently by the brain and in amounts which 
correlated directly with the arterial pyruvate level 
(r = 0.70, p < 0.001) (see Table IT). 

Contrary to the behavior of peripheral tissues 
(1-4) the brain extracts roughly the same quan- 
tity of glucose in the fasting state as it does dur- 
ing the peak of the arterial concentration of glu- 
The percentage of glu- 
cose extracted decreases as the arterial blood glu- 


cose after a test meal. 


cose content rises and the calculated amount of 
glucose taken up by the brain varies, indicating a 
transient increase as the level rises and a com- 
pensatory decrease as the level falls. 
Overall, there was no correlation between the ar- 


arterial 


terial glucose level and either the arteriovenous dif- 


The vertical scale is expressed in milligrams per 100 milliliters of blood. 


ference across the brain (r = 0.03) or the glucose 
consumption of the brain (r = 0.08). These ob- 
servations are consistent with Gey’s report of a 
very low concentration of glucose in the brain 
(11) and the hypothesis that the blood to brain 
gradient of glucose is great enough at all times 
during physiological conditions for the brain cells 
The sus- 
tained glucose uptake by the brain and the relative 


to extract what glucose they need. 


independence of this uptake from the arterial level 
are also in line with studies of Morgan and Park 
on the glucose transport into the heart muscle 
(12). These workers concluded that a transport 
mechanism rather than simple diffusion explained 
glucose entrance into the heart muscle cell, since 
the rate of uptake was not related linearly to the 
gradient of glucose across the membrane and since 
there was competitive inhibition of glucose trans- 
If a 
transport mechanism accepted the major portion 


port by high concentrations of arabinose. 


of glucose extracted by the brain, but there was 
transient passive diffusion of glucose into the 
brain or its interstices during the time that blood 


sugar rises rapidly, the excess of glucose taken 


up by the brain during the increase in arterial 
blood sugar might be expected to be utilized dur- 
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ing the time when blood sugar fell again to nor- 
mal. From data concerning glycogen content of 
the dog brain it has been extrapolated that the 
human brain contains 1.5 Gm. glycogen (13), 
hence some storage of glucose seems reasonably 
certain. 

Comparison of the calculated cerebral oxygen 
consumption and the quantity of oxygen re- 
quired for complete oxidation of the glucose taken 
up by the brain (corrected by subtracting the glu- 
cose equivalent of the lactate and pyruvate given 
up to the blood stream by the brain) indicates that 
in the fasting state the measured oxygen consump- 
tion constitutes 88 per cent of that which would 
theoretically be required. This differs by 12 per 
cent from the theoretical complete stoichiometric 
relations found through similar calculations by 
Himwich and Himwich (10) and may well be due 
to experimental error. 

The theoretical oxygen consumption, as cal- 
culated considering carbohydrate taken up and 
released at each 15 minute interval, averaged 80 
per cent of the oxygen consumption calculated 
through multiplying the arteriovenous oxygen 
difference across the brain by cerebral blood flow, 
although fluctuations from 60 to 117 per cent oc- 
curred at the lowest and highest points. The data 
would fit with the hypothesis that the cerebral 
metabolism of carbohydrate remains essentially 
unchanged throughout, but that there is transitory 
carbohydrate accumulation during a time of ris- 
ing blood level and that this tends to be utilized 
during the time when the blood carbohydrate level 
is falling sharply. The fact that these adjustments 
fluctuated above and below but returned to their 
control state at the end of one hour seems to 
deny their relation to hunger and is compatible 
with Stunkard’s report of cessation of hunger con- 
tractions in a decerebrate man after glucose ad- 
ministration (14). Furthermore, it seems prob- 
able from brain-destructive lesions in experimental 
animals, produced by gold thioglucose, that the 
“hunger center” itself may actually be a very 
small portion of the ventromedial hypothalamus 
(15, 16). A considerable variation in the quan- 
tity of glucose consumed by such a small center 
might be physiologically important, yet not demon- 
strable in such gross metabolic measurements as 
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the carbohydrate consumption of the brain as a 
whole. 


CONCLUSIONS 


1. A group of eight human subjects has been 
studied by determination of cerebral blood flow 
and brain carbohydrate uptake before and after 
a test meal. 

2. During the time when the arterial level of 
glucose, lactate and pyruvate was rising, the brain 
took up larger quantities of these carbohydrates. 
As the peak blood concentration of glucose was 
reached the uptake returned to the control values, 
and during the time when the level of the sub- 
stances was falling rapidly, uptake of glucose by 
the brain was reduced to below the control value. 

3. The fact that glucose and lactate uptake are 
not related to their absolute arterial level is com- 
patible with the thesis that the arterial level of 
these substances does not control their rate of utili- 


zation by the brain. 
4. Brain pyruvate extraction and calculated 
consumption were correlated directly with the 


arterial level of pyruvate. 
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Normal human urine has been shown to contain 
up to 150 mg. of protein in a 24 hour aliquot. 
Electrophoretic analyses of these proteins by a 
number of observers (1-3) have demonstrated 
the presence of components corresponding to each 
of the five major fractions present in serum. In 
general, however, the resolution of these peaks 
has been poor, and significant amounts of pro- 
tein migrating more rapidly than albumin have 
been demonstrated. Immunoelectrophoretic stud- 
ies of normal human urine by Grant (4) and 
Patte, Baldassaire and Loret (5) have revealed 
the presence of at least eight components which 
reacted with an antiserum to normal human se- 
rum and frequently gave reactions of identity with 
the corresponding proteins present in serum. 
Among the proteins identified by these observers 
were albumin, four a-globulins, two £-globulins 
and y-globulin (4). 

In spite of the qualitative similarities of the 
serum and urine proteins, quantitative differences 
in the relative amounts of the major fractions have 
been demonstrated. Thus, whereas albumin is 
the major protein component of serum, the glob- 
ulin fractions predominate in urine (1, 3). The 
presence in urine of y-globulin at a relative con- 
centration equal to and frequently greater than 
that in serum cannot be explained by current con- 
cepts concerning the origin of urinary proteins by 
a process of glomerular filtration of serum proteins 
(6, 7) followed b, a nonselective tubular reabsorp- 
tion (8). Such a mechanism would lead to a 
preferential excretion in the urine of proteins of 
low molecular weight and would result in an in- 
crease in their concentration relative to that of 
the larger proteins. Since the molecular weight 

* Presented in part at the Section for Immunology, 
Federation of American Societies for Experimental Biol- 
ogy, Atlantic City, April 13, 1959. 

+ Supported by the Arthritis and Rheumatism Founda- 
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of the major fraction of y-globulin in serum is ap- 
proximately two and one-half times that of al- 
bumin, the presence in urine of relatively greater 
amounts of protein with the mobility of y-globulin 
suggested the existence of additional protein spe- 
cies which have not been detected in serum. The 
present study presents evidence for the existence 
in normal urine of proteins with a mobility similar 
to y-globulin and an approximate molecular weight 
of 35,000, and which are antigenically closely re- 
lated to the y-globulin fraction of serum. While 
this work was in progress, low molecular weight 
y-globulin fractions have also been demonstrated 
in normal human urine by Webb, Rose and Sehon 
(9). 
MATERIAL AND METHODS 


Twenty-four hour urines were collected from 12 nor- 
mal males and stored in the cold at 4° C. Following 
filtration to remove formed elements and insoluble pre- 
cipitates, the urines were dialyzed against running tap 
water for 24 hours in the cold and concentrated to a 
volume of 10 to 15 ml. by pervaporation at 0 to 4° C. 
In a number of instances protein was precipitated by the 
addition of 650 Gm. ammonium sulfate to each liter of 
urine. Following centrifugation at 3,000 rpm for one 
hour, the precipitate was dialyzed against running tap 
water to remove the salt, and the protein solution was 
concentrated as above. Both methods yielded similar re- 
sults. For large scale physicochemical studies, 5 to 10 L. 
urine from a single subject were processed. 

Electrophoresis. This was performed using starch or 
polyvinyl chloride resin 427 (Goodrich Chemical Com- 
pany) as the supporting medium and barbital buffer, pH 
8.6, 1 = 0.05 or 0.10 as described by Kunkel (10). Pro- 
tein was eluted from one-half inch segments by displace- 
ment filtration and its concentration estimated by the 
modified Folin tyrosine method (11). Fractions corre- 
sponding in mobility to the y-globulin peak of a control 
serum separated on the same block were pooled and 
concentrated by ultrafiltration through collodion mem- 
branes} with a vacuum of approximately 260 mm. mer- 
cury. 

Ultracentrifugation. This was done in a Spinco 
Model E ultracentrifuge at a temperature of 20° C. us- 


1 Schleicher and Schuell Company, Keene, N. H. 
2159 





2160 E..c. 


ing cells with double sector centerpieces (12). Quanti- 
tative measurements were carried out with a comparator 
as described by Trautman (12). Molecular weights 
were determined by the technique of Archibald (13) at 
speeds of 20,410 to 24,630 rpm. The partial specific vol- 
ume (V) for the urinary y-globulin was assumed to be 
similar to that of serum y-globulin and equal to 0.74. 

Immunochemical studies. Antisera to Fraction II 
y-globulin (Lederle C-380) and to the urinary y-globu- 
lin fraction from. two normal subjects were prepared in 
rabbits by the subcutaneous route with Freund adjuvant. 
The antiserum against Fraction II had previously been 
shown to be specific for the fraction of y-globulin with 
a sedimentation coefficient of 7S (7S y-globulin) (14). 
Antigens were examined by double diffusion in 0.5 to 1.0 
per cent agar according to the method of Ouchterlony 
(15), by immunoelectrophoresis by the method of Wil- 
liams and Grabar (16) and by quantitative precipitin 
analysis as previously described (14). The amount of 
protein precipitated was determined by the modified 
Folin technique (11) and converted to milligrams of 
nitrogen according to a standard curve prepared with hu- 
man y-globulin. Supernate analyses with 7S y-globulin 
were carried out in capillary tubes and by double diffusion 
in agar. 

Radioactive studies. In order to determine the source 
of the y-globulin present in urine, studies were performed 
with I-labeled human y-globulin. Fraction II y-globu- 
lin (Lederle C-543) was iodinated by standard methods 
(17).2 The iodinated material was passed through a 


* We are indebted to Drs. M. Rothchild and M. Oratz 
of the Veterans Administration Hospital, New York, 
N. Y., for their assistance in carrying out this phase 
of the study. 
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Dowex-1 ion-exchange column to remove free iodide and 
through a Seitz filter and cultured for sterility before use. 
The resultant material contained less than 2 per cent 
nontrichloracetic acid (TCA)-precipitable radioactivity ; 
50 to 100 we. of this I-labeled y-globulin with a specific 
activity (SA) of 10 wc. per mg. of protein was given by 
intravenous injection to four normal male subjects. 
Urines were collected for the first eight and following 
16 hours, and serum was drawn eight and 24 hours fol- 
lowing injection. The urines were dialyzed for 48 
hours against running tap water to remove free iodide, 
concentrated by pervaporation and separated with the 
corresponding sera by starch zone electrophoresis. Ra- 
dioactivity on the recovered fractions was assayed in a 
well-type scintillation counter with a sensitivity of 0.9 x 
10° counts per minute (cpm) per microcurie of I™ above 
a background of 150 cpm. 


RESULTS 


Representative electrophoretic patterns obtained 
from one normal urine and the corresponding se- 
rum are shown in Figure 1. Compared with the 
distinct resolution of the major protein components 
obtained in the serum pattern, the peaks in. the 
urine appeared to be broader and more nonhomo- 
geneous, thus making it difficult to define indi- 
vidual components. In the majority of urines ex- 
amined, the concentration, relative to the other 
components, of the protein fraction with the mo- 
bility of y-globulin was greater than in the cor- 
responding serum. In general the urines con- 
tained significant amounts of protein with a 
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TUBE 
ELECTROPHORETIC PATTERNS OF ONE NorMAL 24 Hour URINE SPECI- 


MEN (ABOVE) AND SIMULTANEOUSLY RuN SERUM (BELOW) 
_ Separation carried out in starch, barbital buffer, pH 8.6, T/2= 0.05. 
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cS 


ULTRACENTRIFUGAL 
OBTAINED FROM 
SuBJECTS 


Fic. 2. 
LINS 


7y-GLoBu- 
DIFFERENT 


PATTERNS OF 
Urines OF THREE 


Pictures were taken after 80 minutes at a speed of 
52,640 rpm. Sedimentation proceeds from left to right. 
mobility greater than albumin. This fraction 
could not be detected in the sera under the con- 
ditions of this study. 

Figure 2 shows the ultracentrifugal patterns of 
the proteins migrating with the mobility of y-glob- 
ulin obtained from the urines of three different 
Two of these (A and C) were pre- 
pared by pervaporation, while the middle one (B) 


subjects. 


was obtained by ammonium sulfate precipitation. 
In each instance there was a major broad nonhomo- 
geneous peak with an approximate s29,y of 1.5- 
1.6S.* 
amounts of a second more rapidly sedimenting 
In the 
y-globulin fractions prepared from normal urines 


In a number of instances there were small 
peak with an approximate sow of 7S. 


this additional component, which appears to cor- 
respond to the 7S y-globulin of serum, never ex- 
ceeded 10 per cent of the total protein present. 
In the urines of five patients with glomerulone- 
phritis, pyelonephritis and nephrosclerosis whose 
urinary protein excretion amounted to 5 to 10 Gm. 
per day, this more rapidly sedimenting component 
increased in absolute and relative concentration 
and constituted more than 75 per cent of the total 
y-globulin fraction. 

Table I lists the soo.. at a protein concentra- 
tion of 0.1 to 0.3 per cent of the urine y-globulins 


of eight subjects. Observed sedimentation coeffi- 
cients were corrected to water as a solvent and ex- 
pressed in Svedberg units. Because no appreciable 
effect of concentration on the sop. was found, the 
values given are uncorrected for protein concen- 
tration. 
jects ranged from 1.1 to 1.95, with a mean of 1.6S. 
One subject (A.L.) had an observed syo,4 of 2.5 
Nine different samples 


The observed soo. in seven of the sub- 


and 2.6 on two occasions. 
were examined from one subject (E.F.) and the 


3 Sedimentation coefficient in water at 20° C., expressed 
in Svedberg units (S). 
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sedimentation coefficient varied from 1.2 to 1.95, 
with a mean of 1.6S. 

In order to rule out the possibility that this 
slowly sedimenting peak was a result of protein 
breakdown during the prolonged preparative pro- 
cedures, control experiments were performed: 
Cohn Fraction II y-globulin which did not con- 
tain detectable amounts of protein sedimenting 
more slowly than the 7S peak, or 1 to 2 ml. normal 
serum, was diluted in 2,000 ml. normal saline or 
normal urine and handled in a manner identical to 
a simultaneously prepared urine. There was no 
evidence of selective loss of the 7S peak or break- 
down of this peak to the low molecular weight 
component during handling. Similarly, addition 
of pepsin, plasmin and streptokinase to sera or 
y-globulins under these conditions did not result 
in breakdown of 7S 7-globulin to smaller fractions. 

Molecular weights were calculated during the 
“approach to sedimentation equilibrium” by the 
method of Archibald (13). 
different samples from one subject ranged from 
23,800 to 38,000 and are listed in Table I. Be- 


cause most of the preparations examined were not 


The values of four 


completely homogeneous, the significance of the 
one low value cannot be fully evaluated. Since 
this technique initially emphasizes the heavy com- 
ponents of a polydisperse solution, it appears pos- 
sible that the lower value was due to the greater 
purity of this particular preparation. However, 
the possibility also exists that this may represent 
an even smaller fraction of y-globulin than the 


TABLE I 


Sedimentation coefficients and molecular weight 
determinations of urine y-globulins 


Molecular 
weight 


No. of 


Subject examinations 


9 


~ 


). 
M 


F. 
Ss 
bas 


ee ee ee ee 
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hNR 


30,000 
38,000 
35,600 
23,800 


— a 


a 


* Sedimentation coefficient in water at 20°C, expressed 
in Svedberg units (S). 
+ Mean and (range). 
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A 


B 


Fic. 3. Douste Dirrusion 1n AGAR OF URINE y-GLob- 
uLIns (A AND B) AND SeruM 7S 7-GLoruLin (C AND 
D) AGAINST AN ANTISERUM TO SERUM 7S y-GLOBULINS 


three samples whose molecular weights are dis- 
tributed around a mean of approximately 35,000. 


Immunological studies 


When tested with an antiserum to normal hu- 
man 7-globulin by the capillary precipitin tech- 
nique, the urine component with the mobility of 
y-globulin invariably gave a precipitate at the in- 
terphase. However, in general, the precipitate was 
slower in appearance and finer in consistency than 
that 
from serum. 


obtained with the homologous y-globulin 
Figure’ 3 illustrates the reactions obtained when 


urine y-globulins and serum 7S vy-globulins react 


a, 


Fic. 4. 


in agar with an antiserum prepared against Cohn 
Fraction II y-globulin. In all instances only a 
single sharp line appeared between the antiserum 
and the serum y-globulir component. In the case 
of the v-globulins prepa. 1 from urine, two or 
three lines were usually present. The line closest 
to the antigen well showed a reaction of complete 
identity with a line formed by the 7S v-globulin 
and probably represented small amounts of this 
protein frequently detected also by ultracentrifu- 
gation. In only one specimen (Figure 3A), which 
was ultracentrifugally free of 7S material, was 
this line absent. All of the urine specimens 
showed the presence of one or two additional lines 
which had diffused further from the source ef anti- 
gen. These lines never crossed the 7S line and 
appeared to show a reaction of partial identity with 
it. In several preparations of urine y-globulin 
(wells A and B) there was no change in the curva- 
ture or position of these lines following a 10-fold 
increase in the 7S y-globulin fraction, thus sug- 
gesting that they were indeed due to smaller, more 


rapidly diffusing substances which cross-reacted 


with the 7S component. 

In order to exclude the possible presence in 
Fraction II of small amounts of low molecular 
weight components similar to those isolated from 
urine, and to obtain preparations of “pure” 7S 


a. DousL_e DirFUSION IN AGAR COMPARING REACTION OF AN ANTISERUM TO URINE 


+y-GLOBULIN (CENTER WELL) WITH URINE y-GLoruLIn (A), 7S Serum y-GLoBuLIN (B), AND 


WHo Le Serum (C) 


b. Douste Dirrusion 1n AGAR COMPARING REACTION OF URINE y-GLOBULIN (CENTER WELL) 
AND 7S SeruM 7-GLoBuLIN (A AND D) witH ANTISERA TO SERUM 7S y-GLoBuLIN (B) AND 


To URINE y-GLoBULIN (C) 


There is fusion of all of the 7S y-globulin lines and one of the more rapidly diffusing lines 


present in the urine 


c. DousLe Dirrusion in AGAR CoMPARING REACTION OF URINE y-GLOBULIN (CENTER WELL) 


WITH AN ANTISERUM TO URINE 7-GLOBULIN ABSORBED WITH 7S y-GLOBULIN (A) ; 


SAME ANTI- 


SERUM UNABsoRBED (B); SAME ANTISERUM ABSORBED WITH WHOLE SERUM (C) 


The lines between the antisera represent a reaction of the antisera with the excess y-globulin 


used in absorption 
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Fic. 5. IMMUNOELECTROPHORETIC ANALYSIS OF y-GLOoB- 
ULIN FROM URINE (CENTER) AND COHN Fraction II 
(TOP AND BOTTOM) 


Two additional lines with a y mobility are present in the 
urine. The arode is to the right. 


y-globulins free of any possible lighter contami- 
nants, ' oresacations of Fraction II were 
separated intu -ignt to 10 fractions by centrifuga- 
tion in a saline density gradient. The details of 
een published previously 


sever 


this procedure have 
(18). The time oi centrifugation was such that 
the bottom 0.5 ril. 
4S) which had been added to a simultaneously 
separated control preparation, and therefore pre- 


sumably also free of lighter molecules. The top 


vas free of albumin (seo.w = 


two fractions were rich in albumin and should 
also have contained any possible lighter contami- 
nants. When tested with an antiserum to 7S 
y-globulin, both the top and bottom fractions gave 
only a single line which fused to give a reaction 
of identity. Absorption of this antiserum with 
equivalence amounts of the more rapidly sedi- 
menting fraction (“pure” 7S y-globulin), removed 
all antibody activity to the urinary proteins. 
Confirmatory evidence obtained with 
urinary fractions. In 
double diffusion studies in agar only a single 


was 
antisera to y-globulin 
line appeared with whole serum or 7S y-globu- 
lin while additional lines 
present when urinary y-globulins were tested 


two or three were 
(Figure 4a). The position and curvature of these 
additional lines suggested that they were due to 
low molecular weight substances. When the re- 
action of the urine y-globulins was compared with 


antisera to urine and serum y-globulins, a reaction 
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of identity was observed between the outer 7S lines 
and one of the more rapidly diffusing lines (Fig- 
ure 4b), The outer line also fused with a line 
formed by 7S serum y-globulin and each of the 
antisera. This would suggest that some of the 
antibodies in both antisera reacted with at least 
two common antigens in the urine. Only one 
line, the most rapidly migrating one in Figures 4a 
and 4c, appeared to be unique to the urine since 
it could not be removed by repeated absorptions 
with 7S y-globulins or whole serum (Figure 4c). 
This may represent a constituent specific to urine, 
possibly a mucoprotein. One line did not resolve 
sufficiently to permit an adequate comparison. 

A group of representative patterns obtained by 
immunoelectrophoresis using the same antiserum 


20 








z 
o 
= 
ve) 
- 
a 
= 
a 
1S) 
uJ 
a 
a 





ae ee de Soe ee ee 
6 0 12 4 6 18 20 


ANTIGEN (yg.N) 








PRECIPITATE (ygN) 








SEE 88 WOT A Ss SE 
6 8 1 t2 4 6 18 20 
ANTIGEN (ygN) 





Fic. 6. QuANTITATIVE PreciPITIN CURVES OBTAINED 
WITH AN ANTISERUM TO HUMAN ‘y-GLOBULIN COMPAR- 
ING REACTION OF Two URINE y-GLOBULIN FRACTIONS 
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TABLE II 


Total radioactivity and specific activities of protein fractions of urine and serum from one subject after the 
administration of I'*'-labeled gamma globulin 


y-Globulin 8-Globulin 


Total 
activity 


Total 
activity 


Spec ific 


Material Time Protein activity Protein 


hrs. meg. cpm cpm /meg. meg. 
protein 
520 8.3 
320 $5 
184 19.9 
299 27.0 


cpm 


266 
159 
745 
1,420 


Serum 8 
Serum 
Urine 
Urine 


26.2 
24 27.0 
0-8 16.2 


8-24 21.5 6.450 


to human 7S y-globulin is shown in Figure 5. 
Cohn Fraction II y-globulin gave only a single line 
of precipitation with the broad distribution charac- 
teristic of y-globulin. The urinary fraction again 
demonstrated two additional lines in the y-globu- 
lin region with a mobility slightly greater than that 
of the simultaneously separated 7S y-globulin. 
Quantitative precipitin studies were carried out 
with an antiserum to normal human y-globulin. 
Figure 6 shows two representative sets of precipi- 
tin curves, each of which compares the reaction of 
the y-globulin prepared from urine with 7S y-glob- 
ulin from serum. The urine y-globulin used in 
these studies contained less than 5 per cent of 7S 
material by ultracentrifugal analysis. In each in- 
stance the homologous antigen precipitated a 
larger amount of protein than the urine y-globulin. 
In general the curve obtained with the urine frac- 
tion had a broader equivalence zone than was ob- 
tained with the serum y-globulin. The decrease 
in the amount of precipitate, observed with simi- 
lar amounts of either protein in the region of anti- 
gen excess in each set of curves, appears to pre- 
clude the possibility that the precipitate obtained 
with urine y-globulin was due to the small amount 
When 


the supernates of these curves were tested with 7S 


of contaminating 7S y-globulin present. 


y-globulin in a capillary precipitin tube and by agar 
double diffusion studies, no antibody could be de- 
tected beyond the equivalence point in any of the 
curves. These observations would indicate a very 
great degree of cross-reaction between the y-globu- 
lins of serum and urine. 


P'*labeled y-globulin 


Fifty to 100 pe. of I'*!-labeled y-globulin was 
given intravenously to four normal male subjects. 


cpm/meg. 


a2-Globulin Albumin 


Total 
activity 


Specific 
activity 


Specific 
activity 


Total 


Specific 
ivi activity 


Protein activity Protein 


cpm cpm/meg. 
protein 


29 


mez. cpm még. 
protein 
5 89 
89 

34.5 1,475 

d d 1,480 


cpm 

protein 
32 
29 


8.6 
7.8 
28.0 
20.0 


56 

89 
425 
466 


6. 
1. 
> 
3. 


MP 
42.8 
43. 


Prior to and following iodination this material did 
not contain detectable amounts of material sedi- 
menting more slowly than 7S y-globulin on ultra- 
centrifugal examination, and gave only a single 
Urines 
were collected for the first eight hours and from 


line with an antiserum to 7S y-globulin. 
the eighth to the twenty-fourth hour, dialyzed 
against running tap water for 48 hours to remove 
all traces of free iodide, concentrated by pervapora- 
tion and fractionated by starch zone electrophore- 
sis. The results in each of the four subjects were 
similar in that approximately two-thirds of the 
radioactivity were associated with the urinary 
y-globulin fraction, while only approximately 10 
per cent migrated with the albumin fraction. 

The data from one representative su>ject are 
listed in Table IT. 
the intravenous administration of 75 pe. of I’*!- 


Eight and 24 hours following 


labeled y-globulin, the bulk of the radioactivity in 
serum was associated with the y-globulin fractions 
with a mean specific activity of 420 cpm per mil- 
ligram protein. The y-globulins prepared from the 
urine collected during the same period did not 
demonstrate a 7S peak on ultracentrifugal exami- 
nation. Sixty-five per cent of the total nondialyz- 
able protein-bound radioactivity during the sec- 
ond collection period was associated with the 
fraction of y mobility, while only 15 per cent mi- 
grated with the albumin. The specific activity of 
the y fraction was approximately 299 cpm per 
milligram protein, which is somewhat lower than 
that of the serum y-globulin at 24 hours. 

In contrast to these observations are the re- 
sults of control studies with nonprotein-bound 
labeled iodide. I'*' was added in vitro to normal 
serum. The mixture was then dialyzed for 48 


hours and subjected to starch zone electrophoresis 





GAMMA GLOBULINS OF NORMAL HUMAN URINE 


in a manner similar to the urines. In three ex- 
periments the major fraction of the radioactivity 
was dialyzable, and only 0.4 to 2.5 per cent of the 
radioactivity was recovered with the starch block 
eluates. Of this fraction only 0.02 to 0.9 per cent 
was associated with proteins having a mobility of 
y-globulin, while 66 to 75 per cent migrated with 
the albumin fraction and 18.5 to 22.0 per cent was 
located ahead of the albumin peak. More than 
two-thirds of the radioactivity associated with the 
albumin in these experiments appeared to be 
firmly bound, since it was precipitated by tri- 
chloroacetic acid and could not be removed by 
further dialysis. The specific activity of the al- 
bumin in these experiments was significantly 
greater than that in the albumin recovered from 
the urine. Because of these differences in the 
distribution of the radioactivity noted after the 
in vivo administration of I'*'-labeled y-globulin 
and after the in vitro addition of iodide to serum, 
it seems likely that in the in vivo studies virtually 
all of the radioactivity with the mobility of y-glob- 
ulin was protein-bound. On the other hand, some 
of the radioactivity migrating with the albumin 
may have represented free iodide. Since the latter 
cannot be accurately quantified by the techniques 
employed, the fraction of the total protein-bound 
radioactivity associated with the y-globulin frac- 
tion was probably significantly greater than the 
figure of 65 per cent calculated above. 

These observations favor the view that under 
the conditions of this study, the bulk of the pro- 
tein-bound radioactivity in urine and serum was 
associated with the fraction of y mobility, and that 
the 7S y-globulin in serum gave rise to the cor- 
While these ex- 
periments do not completely eliminate the pres- 


responding fractions in urine. 


ence in the iodinated globulins of low molecular 
weight material, in amounts too small to be de- 
tected by the techniques employed, which could 
then be selectively excreted by the kidney, this pos- 
sibility does not appear probable. It seems likely 
that such proteins would be handled by the kidneys 
in a manner similar to the Bence-Jones proteins 
which are of approximately the same size. These 
molecules are rapidly excreted during the first 12 
hours after their injection (19). Under these 
circumstances, the specific activity of the urine 
y-globulins would be expected to be higher than 
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that of the corresponding serum fractions, and 
not lower as found in these studies. 

DISCUSSION 


The present study demonstrates the presence in 
normal urine of proteins with the mobility of 


y-globulin which are antigenically closely related 
to the serum y-globulins, but differ from them in 
being only one-fifth to one-sixth their size. Qual- 


itatively, similar findings have recently been re- 
ported by Webb, Rose and Sehon (9). 
the molecular weight reported 
servers is of the order of 10,600. 
ancies and the wide range of sedimentation rates 


However, 
by these ob- 
These discrep- 


and molecular weights noted in the present study, 
would suggest the presence of a broad spectrum 
of breakdown products of different sizes derived 
from y-globulin, rather than the existence of a 
single protein. Evidence for the presence of a 
number of components is further suggested by 
the broadness of the ultracentrifugal peak, and the 
presence of at least four precipitin lines in an anti- 
serum to urine y-globulin. Similarly, carbohy- 
drate analyses on a number of fractions proved to 
be extremely high and variable, and would sug- 
gest the presence of some carbohydrate-rich con- 
taminants, possibly similar in nature to the carbo- 
hydrate-rich material remaining at the origin re- 
ported by Rigas and Heller (1). 

The results of isotopic studies reported here 
as well as those by Webb, Rose and Sehon (9) 
offer strong evidence that the urine y-globulins are 
derived from the corresponding serum fractions. 
These studies would further suggest that in man 
there exists a mechanism of glomerular filtration 
of serum proteins similar to that demonstrated in 
a number of animal species by Sellers, Smith, Mar- 
morsten and Goodman (20), Oliver, MacDowell 
and Lee (21) and Spector (22). 
centration of the y-globulin fraction in urine rela- 


Since the con- 


tive to the other components is frequently greater 
than in serum, it seems probable that these frag- 
ments are formed prior to glomerular filtraticn an‘ 
that, by virtue of their small size, they pass through 
the glomeruli more readily than albumin. A simi- 
lar conclusion is also suggested by the appearance 
of larger amounts of 7S y-globulin, without a ccn- 
comitant rise in the output of the smaller frag- 
ments, in pathologic states associated with an. in- 
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creased glomerular permeability. However, it 
has not been possible to date to demonstrate the 
presence of these components by ultracentrifugal 
and immunologic means in the sera of seven pa- 
tients wtih acute renal shutdown of four to 10 
days’ duration, in whom an accumulation of these 
proteins would appear likely. The possibility that 
some of these proteins are added to the urine after 


completion of the process of glomerular filtration, 
or that they may originate in tissues of the uri- 
nary tract cannot be excluded with absolute cer- 


tainty from these studies. 

The exact nature and significance of these pro- 
teins is not fully understood at present. Although 
they resemble the pathologic Bence-Jones pro- 
teins somewhat in size, they have none of the 
other specific physicochemical properties charac- 
teristic of these proteins. Similarly, the isotopic 
studies have demonstrated that these normal urine 
y-globulins appear to be derived from serum 
y-globulin, whereas the Bence-Jones proteins ap- 
pear to be synthesized independently (19). Re- 
cent work by Porter (23) has demonstrated that 
papain can break down normal rabbit y-globulin 
One of 
these retains the antigenic constituents character- 


into three types of smaller fragments. 
istic of y-globulin. Breakdown of human y-globu- 
lin by similar procedures has also been observed 
distinct 
It seems possible that the urine y-globulins 


to yield two antigenically fragments 
(24). 
described here represent some of the natural end 
products of y-globulin metabolism in vivo corre- 
sponding to these fractions produced in vitro. 
The relationship of these two types of y-globulin 
breakdown products is currently under study. 


SUMMARY 


1. The major constituent of the y-globulin frac- 
tion of normal human urine appears to be one- 
fifth to one-sixth the size of the serum y-globulin, 
and has a sedimentation coefficient of approxi- 
mately 1.6S. 

2. This low 


y-globulin is antigenically closely related to se- 


molecular weight fragment of 


rum 7S y-globulin. 
3. Isotopic studies have demonstrated that it is 
primarily derived from the serum y-globulin frac- 


tion. 


FRANKLIN 


4. The possibility that the fraction represents a 
natural breakdown product of y-globulin and its 
bearing on current theories of glomerular filtration 
is discussed. 
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The clinical features of hyaline niembrane dis- 
When 


the disease is fatal the lungs at autopsy are 


ease have been reviewed recently (1, 2). 


usually grossly atelectatic, suggesting the appear- 
ance of liver. Microscopically, this atelectasis is 
seen to be patchy and widespread; scattered 
through the lungs are dilated terminal bronchioles 
and alveolar ducts that are lined with an eosino- 
philic membrane. 

The significance of the membrane during life 
is uncertain. Behrle, Miller (3) 
demonstrated at autopsy that the expansion of 


Gibson and 


lungs of infants was impeded by the mem- 
brane. More recently, Craig, Fenton and Git- 
lin (4) showed from latex casts of the airways 
that the membrane may cause obstruction. But 
Gruenwald (5) has taken the view that the mem- 
brane may be only “a secondary phenomenon 
that appears in a previously diseased lung.” He 
has stressed instead the greater importance of the 
atelectasis to which these lungs appear vulnerable. 

Our object was to study the static elastic be- 
havior of lungs containing hyaline membranes. 


For this purpose static. volume-pressure relations 


of lungs from three sources were compared: new- 
born infants with a histologic diagnosis of hyaline 
membrane disease, newborn infants dying of other 
causes, and stillborn infants. On the basis of 
these measurements, estimates were made of the 
differences in functional residual capacity (FRC) 


and pulmonary compliance that might have pre- 
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Chemical Center, Md. 

+ This study was aided by a 
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t This work was supported in part by a special Trainee- 
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grant from The Na- 


vailed during life among the first two groups; 
these estimates were compared with the few data 
available on living infants (6, 7). The factors 
that may be responsible for changes in elastic be- 
havior of lungs with hyaline membrane disease 
will be discussed. 


METHODS 


The material included 10 lungs from newborn infants 
with hyaline membrane disease, five lungs from stillborn 
infants and five lungs from infants who died within the 
first four days of life. The right or left lung alone was 
used in each experiment, the other side being reserved 
measurements 
Before 


for examination by the pathologist. All 
were made within 48 hours of the time of death. 
study the tissue was kept at temperatures of about 5 to 
10° C. to prevent autolysis. 

The preparation is shown schematically in Figure 1. 
The lung was suspended from a cannula tied into the 
main bronchus. As the burette was elevated fluid flowed 
into the intermediate bottle displacing gas into the lung. 
The difference between levels of fluid in the burette and 
the bottle represented the distending pressure applied to 
This pressure was read from a water-filled 
cannula. The 


the lung. 


manometer connected to the bronchial 





Fic. 1. ApparRATUS FOR INFLATION AND DEFLATION 
Inflation and deflation were carried out in fixed steps 
of pressure. Airway pressure (the difference in level 
between the burette and the intermediate bottle) was 
measured by means of the fluid-filled manometer on the 
left. Correction was made for compression of the gas in 
the intermediate bottle and the tubing leading to the lung. 
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volume of air entering the lung was read directly from 
the burette; correction was made for compression of gas 
in the system by the distending pressure. The lung was 
inflated in fixed steps of pressure until a peak level of 
35 cm. H,O was reached. The lung was then deflated, 
usually in the same steps, until zero airway pressure was 
reached. During inflation and deflation two minutes 
were allowed for changes of volume at each pressure; at 
the end of this time equilibrium was virtually established. 

The lung was weighed at the outset; its volume was 
then measured by displacement of fluid before and after 
each run. Some of the lungs from newborn infants con- 
tained a small amount of gas at the outset. This vol- 
ume of gas was estimated, assuming that the specific 
gravity of the tissue was 1.065 (8). To correct for 
leaks that may have occurred during the procedure, the 
change in volume of the lung following each run was com- 
pared with the change in level of fluid in the burette; 
when the loss of fluid from the burette was greater than 
the increase in volume of the lung, the discrepancy was 
leak. 
that the rate of leakage was directly proportional to air- 
way pressure. 


ascribed to a A correction was made assuming 


With one exception, the leaks represented 
less than 12 per cent of the peak volume in the lung; for 
the one exception, the leak equaled 28 per cent. 


RESULTS 


The weight of the infants and of the lungs, the 
duration of extrauterine life, and the diagnoses are 
listed in Tables I through ITT. 
showed no significant differences in body weight 


The three groups 
or lung weight. To calculate the ratio of lung-to- 
body weight, the assumption was made that the 
right and left lungs, only one of which was avail- 
Had the 
right lung represented as much as 60 per cent of 
the total weight of the lungs, the change in values 
for this ratio would have been negligible. 


able for study, were equal in weight. 


LUNGS 


TABLE I 
Physical characteristics of five stillborn infants 
having diagnosis of intrauterine asphyxia 


Lung weightt 
Body weight 


Body 
weight* 


Lung 
weightt 


Lung 
studied 


x 100 
Kg. 
0.67 
2.20 
2.25 
2.62 . 
3.07 


2.16 


. o 
Gm, 


Mean 


* At autopsy. 
+t Weight of single lung which was studied. 
t Based on estimated weight of entire lung (see text). 


At a maximal distending pressure of 35 cm. H,O 
the lungs of newborn and stillborn infants ap- 
peared fully inflated, whereas inflation of the lungs 
The 


surface of the latter lungs showed multiple lobula- 


with hyaline membranes was incomplete. 


tions surrounded by depressed, unexpanded seg- 
ments of tissue. Photographs of sections from a 
lung with hyaline membranes are shown in Figure 
2A through D). 


the average static volume-pressure relations of the 


Figure 3and Table IV compare 
lungs of the three groups of infants. To permit 
comparison of lungs of different size, volume was 
expressed as milliliters of gas per gram of tissue. 
At a pressure of 35 cm. H,O, the lungs of newborn 
infants contained about four times as much gas per 
unit of weight as the lungs of infants with hyaline 
membrane disease. The value for lungs of still- 
born infants was intermediate. These differences 
were roughly similar over most of the volume- 
pressure curve. 


rABLE II 


Extrauterine age, physical characteristics and diagnosis of five newborn infants 


Body 
weight* 


Lung 
studied 


Mean 


* At autopsy. 
t Weight of single lung which was studied. — 
t Based on estimated weight of entire lung (see text). 


Lung 
weightt 


Lung weightf x 100 


Body weight Diagnosis 


Gm. % 
13 3. Prematurity 
18 , Pneumonia 
22 > Pneumonia 
23 i Intraventricular 
hemorrhage 
18 ; Hydronephrosis 


19 
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TABLE III 


Extraulerine age and physical characteristics of 10 
infants having hyaline membrane disease 


L eightt 
ung weight} x 100 
Body weight 


Body 
weight* 


Lung 
weightt 


Lung 
studied 


Kg. Gm, 
0.85 10 
1.85 19 
1.95 : 17 
2.10 ‘ 25 
26 
24 
21 
29 
30 
1 26 


Mean ; 23 


COnauUsS wr — 
eR NN K NNN Kb to 
NE NROON F700 & 


— 
~ 

~ 

= 


* At autopsy. 
+ Weight of single lung which was studied. 
t Based on estimated weight of entire lung (see text). 


DISCUSSION 


The study has shown that excised lungs con- 
taining hyaline membranes contain less gas per 
unit of weight than do the lungs of newborn or 
stillborn infants of similar size. This is true for 
all inflating pressures between 0 and 35 cm. H,O. 
As a corollary, the slope of the volume-pressure 
curve of the lungs with hyaline membranes is re- 
duced over virtually the entire range of volume. 
That similar conclusions may be inferred about 
these lungs during life is suggested by the work 
of McIlroy and Christie (9) who found that the 


distensibility of human lungs was of the “same 
order as that found during life” in specimens stud- 
In our study the 


upper limit of time following death was 48 hours. 


ied up to 72 hours after death. 


There is evidence suggesting that the lungs of 
infants and children may become more distensible 
(contain more gas per unit of lung weight for a 
given distending pressure) with advancing age 
(10, 11). 


no significant difference in gestational age was 


It is therefore important to stress that 


present among the three groups, using body weight 


as an index of age. 

The lungs of newborn infants, in spite of the 
presence of pneumonia in two specimens, were 
generally about twice as distensible as those of 
stillborn infants (Figure 1, Table IV). 
son for this difference is not clear; it was not re- 
vealed by the pathologist's examination of the 


The rea- 


tissue. 


IRWIN GRIBETZ, N. R. FRANK AND MARY ELLEN AVERY 


We have given emphasis to volume-pressure 
relations during deflation following application of 
a fixed peak distending pressure. Such meas- 


urements are less variable than measurements 


made during inflation, especially if inflation pro- 
In the 
latter circumstance the presence of fluid in the air- 


ceeds from the passively collapsed state. 


ways (12), the configuration of the airways (13), 
and to some extent the interval of time following 
death (11) may affect the volume-pressure rela- 
tions. 


FRC and associated transpulmonary pressure 


Estimates were made of the average differences 
in FRC and compliance that might have been pres- 
ent during life between the infants with hyaline 
membrane disease and the newborn infants. To 
do this, the data in Figure 3~were replotted in 
Figure 4 with the vertical axis expressing abso- 
lute volume without relation to the weight of the 
lungs and the horizontal axis expressing trans- 
pulmonary pressure. Such estimates have no ap- 
plication to stillborn infants and were not made. 

Berglund and Karlberg (6) reported measure- 
Their 
subjects with one exception were heavier than the 


ments of FRC in healthy newborn infants. 
newborn infants in our study. Based on the cor- 
relation they found between FRC and birth weight, 
the average FRC of our newborn infants without 
hyaline membrane disease would be expected to 
fall between 60 and 70 ml. For this range of 


Fic. 2A 
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Fic. 2C 


Fic. 2D 


Fic. 2. SecTION oF LUNG CONTAINING HYALINE MEMBRANES FROM AN INFANT WEIGHING 
1.67 Ka. 


A shows the specimen inflated with air to a pressure of about 35 cm. H,O and fixed with 
Bouin's solution; B shows a section from the same lung fixed at atmospheric pressure; C is a 
photomicrograph of the lung in A (140 X magnification). Note the irregular filling: some 
areas are overdistended and others are unopened. D is a photomicrograph of the lung in B 
(140 X magnification). Note the widespread atelectasis. 
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PTABLE IV 


Static volume-pressure characteristics during deflation o/ 
excised lungs of stillborn infants, newborn infants, 
and infants dying of hyaline membrane disease 


Volume 
Pressure (cm. HO) 
Body 
weight* 35 25 15 10 5 2.5 


Kg. ml. /Gm. 
0.67 
2.20 
2.25 
2.62 
3.07 


2.16 


Stillborn 1.1 1.0 
0. 
ai 
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VoLUME-PrESSURE CHARACTERISTICS 


gram of tissue; airway pressure on the abscissa is 
equivalent to transpulmonary 
lungs with hyaline membrane disease were studied only 


during deflation and are represented by a separate curve. 


pressure. Four of the 
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volume, referring to Figure 4, the transpulmonary 
pressure would have been about 4 cm. H,O, a 
value not significantly different from the average 
static end-expiratory esophageal pressure found 
in healthy, seated young adults (14). Berglund 
and Karlberg (6) reported that the FRC ranged 
from 25 to 45 ml. in three newborn infants with 
clinical and X-ray evidence of extensive atelectasis. 
If the lungs in our study may be accepted as typi- 
cal of hyaline membrane disease, at least in its 
final stage, then a significant reduction of FRC is 
to be expected. Figure 4 shows that the average 
volume of gas in these lungs, exclusive of the tra- 


NEWBORN 








20 30 

AIRWAY PRESSURE 

CM. H20 
Fic. 4. 
The ordinate refers to total gas volume in milliliters. 
The estimate of functional residual capacity (FRC) is 
based on data from Berglund and Karlberg (6). The 
tidal volume (Vv) is an average value (15 ml.) from 
data of Karlberg and associates (15). 
transpulmonary pressure necessary to produce this tidal 
volume is indicated by AP. 


VoLUME-PRESSURE CHARACTERISTICS 


The change in 


chea and proximal airways, was about 35 ml." at 
a peak pressure of 35 cm. H,O. For the same 
pressure, the volume of gas in the newborn lungs 
was almost 100 ml. 


pressure studied, a three- to fourfold difference in 


Over most of the range of 


volume would have been present, so that the FRC, 
terminally, in the infants with hyaline membrane 


1 To test whether an appreciable number of uninflated 
units of the lungs could have been “forced open,” pres- 
sure was raised to 60 and 80 cm. H,O in a few prepara- 
tions. At these levels of pressure there was more exten- 
sive inflation of the lungs. 
ever, was associated with the appearance of leaks through 


The increase in volume, how- 


the pleural surface. 
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disease would be expected to be around 20 ml. 
(assuming the same transpulmonary pressure for 
both groups). 


Pulmonary compliance 


From Figure 4 the difference in compliance 
during life between the two sets of lungs could be 
estimated if data were available on tidal volume 
and either FRC or its associated transpulmonary 
pressure. For example, if in each group the tidal 
volume were about 15 ml., a value consistent with 
the findings of Karlberg and associates (15), and 
if the end-expiratory pressure were about 4 cm. 
H,O, the average values for compliance would 
have been 3.3 ml. per em. H,O for the newborn in- 
fants and only 0.8 ml. per cm. H,O for the infants 
with hyaline membrane disease.?, Cook and as- 
sociates (7) reported a value of 5.2 + 0.4 ml. per 
cm. H,O for a group of healthy newborn infants 
These 
authors were able to measure compliance in two 


whose weight at birth averaged 3.1 Kg. 


infants considered to have hyaline membrane dis- 
ease. At the height of the illness, before recovery 
began, the values were 0.7 and 1.3 ml. per cm. 
HA. 

According to our estimates, therefore, the lungs 
with hyaline membrane disease showed roughly the 
same magnitude of reduction in FRC and com- 
pliance, both values falling to about one-fourth 
It is 
possible, however, that changes in FRC may at 


the level of values for the newborn lungs. 


times be small relative to the changes in compli- 
ance. The reason is that with the appearance of 
atelectasis, considered an important component of 
the disease (16, 17), the thoracic cage might be 
expected to resist reduction of its own volume. 
The increasing elastic resistance of the thorax 
would then operate as a force distending the lungs, 
that is, there would be an increase in end-expira- 
tory transpulmonary pressure (pleural pressure 
would become more subatmospheric). As a result 
the volume of units of the lungs remaining open 


2 It is recognized that the slope of the static elastic curve 
obtained on deflation from a peak distending pressure of 
35 cm. H,O is not exactly the same for the next inspiration. 
Instead, the curve of the next inflation has a lower slope 
(13). 
here are probably higher than would be found during 


For this reason, the estimates of compliance given 


spontaneous breathing. 
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would enlarge in accordance with their individual 
volume-pressure characteristics. If these units 
enlarged sufficiently, the slope of their volume- 
pressure curves, and therefore the slope of the 
curve for the entire lung, would become depressed. 

The means by which the disease affects the 
There 
is no histological evidence that elastic tissue is 
damaged structurally, or that fibrosis occurs. A 
change in the surface tension of fluid lining the 
airways and alveoli has recently been described in 
this laboratory (18), which offers a basis for the 
Whether 
the hyaline membrane itself acts as a plug com- 
pletely shutting off sections of the lungs, as sug- 
gested by the histologic study of Craig, Fenton 
and Gitlin (4), or depends for its effect upon 
changes in surface forces secondary to partial oc- 


elastic behavior of the lungs is not clear. 


atelectasis that is commonly observed. 


clusion of the airways or to a combination of these 
factors, is uncertain. An effort was made to esti- 
mate the relative importance of complete and par- 
tial plugging in four experiments in the following 
way: first, volume-pressure measurements were 
made inflating the lungs with air. The lungs were 
then freed of air with a method described by von 
Neergaard (19) in which the lungs were placed 
in a vacuum jar and the pressure in the jar was 
lowered to about 15 mm. Hg. Measurements 
were then repeated substituting saline for air.® 
Saline minimizes surface forces by substituting a 
fluid-to-fluid interface for the gas-fluid interface ; 
the pressure needed to distend the lungs is thereby 
reduced (20). Saline filling was not entirely satis- 
factory, for in each instance there were leaks 
through the pleural surface, too widespread to be 
corrected, that appeared at pressures of about 8 to 
10 cm. H,O. 


paradox of leaks occurring during saline stud- 


We have no explanation for this 


ies but not during gas studies when higher dis- 
tending pressures are used. Despite the presence 
of leaks, however, some of the lungs appeared to 
fill more completely with fluid than they had with 
air; areas of the lungs that had not inflated with 
air at a pressure of 35 cm. H,O now appeared to 
fill at a pressure of only 10 cm. H,O. The evi- 
dence suggests that inflation of the lungs may be 


3 The lungs were submerged in a saline bath accord- 
ing to a technique described by Mead, Whittenberger and 
Radford (13). 
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prevented at least in part by forces operating at 
the gas-fluid interface. 

For the interface to resist an inflationary pres- 
sure as high as 35 cm. H,O, assuming for the 
moment that no increase in surface tension has oc- 
curred, there must be significant narrowing of the 
airway owing presumably to the presence of hya- 
line material. An estimate of the degree to which 
such narrowing may have progressed can be made 
from the following relationship developed by 
LaPlace : 

2T 


r 


P = 


where P = the difference in pressure across the 
the surface tension, and 
Nor- 
mally, nearly all alveolar units are opened by a 
In the diseased lungs 


gas-fluid surface, T = 
r = the radius of curvature of the surface. 


pressure of 20 cm. H,O. 
containing partially blocked units that were not 
opened by pressures of 35 to 40 cm. H,O (some 
remained closed at pressures up to 80 cm. H,QO), 
the radius of curvature of the surface and, there- 
fore, the diameter of the lumen itself must have 
been reduced to at least half its normal size. 

The findings indicate that when hyaline mem- 
brane disease is advanced, portions of the lungs 
will not inflate at transpulmonary pressures as 
high as 35 cm. H,O. At this level of pressure 
there is a possibility that units already open may 
be damaged. 


SUMMARY AND CONCLUSION 


Comparison was made of virtually static vol- 
ume-pressure relations of excised lungs obtained 
from 10 infants with hyaline membrane disease, 
five newborn infants dying from other causes, and 
five stillborn infants. To eliminate the influence 
of size on these measurements, volume was ex- 
pressed as milliliters of gas per gram of tissue. 
Special emphasis was given to the volume-pressure 


relations during deflation from a peak airway 


pressure of 35 cm. H,O. At all pressures the 
lungs with hyaline membranes contained less gas 
per unit of weight than the control lungs ; in addi- 
tion, the slope of their entire volume-pressure curve 
was depressed. From these volume-pressure re- 
lations estimates were made of the magnitude of 
differences in FRC and compliance that might 
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The differences 
compared closely with direct measurements made 
by other investigators. 
membrane-containing lungs was thought to be due 


have been present during life. 
The low compliance in 


to a reduction in number of units participating 
in ventilation. The relative importance of changes 
in surface forces that might lead either to a col- 
lapse of units or to increased resistance to infla- 
tionary pressures and of mechanical plugging 
could not be determined from these studies. 
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INTERRELATIONS OF PLASMA POTASSIUM CONCENTRATION, 
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Accurate and quantitative definition of the fac- 
tors that determine plasma potassium concentra- 
tion has not yet be. a attained. However, impor- 
tant relationships have been noted between plasma 
potassium concentration and acid-base disturb- 
ances (1-11), acute and chronic losses of body po- 
tassium (2, 12) and changes in plasma sodium 
concentration (13, 14). 
ceptions to these individual relationships are seen. 


Conversely, frequent ex- 


The intimate association between plasma sodium 
concentration and body sodium, potassium, and 
water suggests that an analogous multifactored 
control might obtain for plasma potassium con- 
centration (15). When body potassium content 
is constant, changes in the plasma potassium level 
may reasonably be attributed to osmotic and elec- 
trochemical influences which alter the concentra- 
tion gradient of potassium across the cell mem- 
brane. The status of intracellular metabolism has 
a major effect on this gradient, since the anoxic, 
damaged or ylucose-depleted cell leaks potassium 
at an accelerated rate (16-18). 

An analysis of the various determinants of 
plasma potassium concentration and a considera- 
tion of their possible interrelationships are of some 


importance, Clarification of the nature and de- 


gree of any such interrelationships may modify or 


verify concepts of the physiological mechanisms 
affecting changes in electrolyte distribution and 
in addition may facilitate more precise clinical 
interpretations. 

Simultaneous measurements of total exchange- 
able potassium, total body water, arterial and ve- 

* This work was supported by grants-in-aid from the 
American Heart Association, the United States Public 
Health (Grant No. H-1441), the Monterey 
County Heart Association and the Committee on Re- 


Service 


search of the University of California School of Medicine. 
+ Research Fellow of the American Heart Association. 
t During tenure as an Fstablished Investigator of the 
American Heart Association. 


nous blood pH and arterial and venous plasma 
electrolyte concentrations were made in a hetero- 
geneous group of chronically ill patients who had 
been in a steady state’ for at least two or three 
days before study. The correlations of plasma po- 
tassium concentration with plasma sodium con- 
centration, arterial pH, pCO,, total exchangeable 
combinations of these 


potassium and various 


measurements were analyzed statistically. 


METHODS 


Definitions. The symbols and abbreviations used in 


this paper are defined as follows: Ky, potassium concen- 
tration in milliequivalents per liter of arterial plasma wa- 
ter; Nay, sodium concentration in milliequivalents per 
Cl,, chloride concentra- 
plasma ; 


liter of arterial plasma water; 
tion in millequivalents per liter of arterial 
(COz), total COs content in millimoles per liter of ar- 
terial plasma; pCO.,, partial pressure of CO, in milli- 
meters Hg in arterial plasma; H,, hydrogen ion con- 
centration in Moles xX 10° per liter of arterial blood (to 
simplify calculation, the factor of 10° is omitted); Ke, 
total exchangeable potassium in milliequivalents; TBW, 
total body water in liters; DBW, dry body weight in 
kilograms calculated as body weight minus total body 
water; D.O, deuterium oxide; THO, tritiated water. 

The 


state of hydration, and clinical diagnosis are summarized 


Seventy-four patients were studied. age, Sex, 


in Table I. The patients were selected to provide a wide 
range of plasma potassium concentrations and pH values; 
the group was also limited to lean or malnourished sub- 
jects to eliminate as far as possible the distorting effect of 
In 23 sub- 


jects who were seriously ill the investigation was confined 


body fat in interindividual comparisons of Ke. 


to measurements of blood pH and ‘electrolyte concentra- 
tions. The group as a whole consisted of 7 patients with 
various types of heart disease, 15 ,with cirrhosis of the 
liver, 14 with renal disease, 21 with pulmonary disease, 3 
with gastrointestinal disease, 8 with neurological disease, 
and 6 with other disorders, including carcinomatosis, bar- 
biturate intoxication, and senility. . Thirty-eight of these 
patients were edematous. 

The patients were classified as far as possible accord- 


1No significant changes in clinical status, renal or 


respiratory function or plasma electrolyte concentrations. 
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ing to the four major categories of acid-base disturbance. 
Normal pH in this laboratory for arterial blood is 7.43 + 
0.02; the normal (COz), is 25.6+2.4 mMoles per L. 
Acidotic patients, i.e., those with arterial pH less than 
7.41, were designated under respiratory acidosis if 
(COz)» was greater than 28.0 mMoles per L., and un- 
der metabolic acidosis if (COz)» was less than 23 mMoles 
per L. Alkalotic patients, i.¢., those with arterial pH 
greater than 7.45, were listed under respiratory alkalosis 
if (COs), was less than 23 mMoles per L. and under 
metabolic alkalosis if (COs)» was greater than 28 
mMoles per L. In seven cases in which normal arterial 
pH was associated with abnormal (COz)» the findings 
were interpreted in the light of the clinical status. Four 
patients with unidentifiable acid-base disturbance, to- 
gether with 16 cases in which data were insufficient and 
five patients in whom both arterial pH and (CO:), were 
normal were listed in the unclassified category. No at- 
tempt has been made to separate compensated from un- 
compensated cases. None of the experimental subjects 


TABLE I 


Summary of clinical data 


Transu- 
dates 


Age 
range 


Weight 


Disease Male Female range 





Kg. 
33-80 
39-80 
40-56 
39-72 
39-68 
42-67 
46-50 


(No. of cases) yr. 
Heart (7) 40-74 
Kidney (14) 17-75 
Gastrointestinal (3) 2 35—40 
Liver (15) 7 35-86 
Lung (21) 19 25-82 
Neurological (8) 6 25-80 
Miscellaneous (6) 4 40-72 


11 
2 


-— 
noe uwonn 


was treated with carbonic anhydrase inhibitors during 
the period of study. 

All subjects were given an analyzed diet containing 
10 mEq. sodium and 21 mEq. potassium daily during the 
period of study. Food and fluid were withheld for the 
period of D,O or THO equilibration. 


TABLE II 


Summary le laboratory data: hananion values 


K,* 


win 


Patient 


mEq./L 


No. plasma water Pm w ater 


Metabolic acidosis 
14 
17 
19 
20 


72:5 
140.2 
153.1 
150.1 
143.9 
141.0 
114.7 
154.2 
142.9 
127.1 
157.2 
131.6 
146.0 
148.6 
135.4 
143.9 
127.5 
132.8 
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115 
11 
109. 
11 
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Metabolic alkalosis 


4.58 
3.55 
3.74 
3.08 
42 
2.89 
3.31 
2.34 
2.54 
2.78 
3.46 
4.26 
3:Si, 
2.56 


141.2 
139.8 
161.6 
140.8 
143.2 
139.0 
146.6 
142.8 
144.0 
150.7 
135.5 
146.8 
158.3 
134.0 


= potassium concentration; Nap = dadiinas concentration; 


**K, 
CO, content; pCO, = partial pressure of COz. 


Clp* 


mEq./L. 
plasma 


94.8 


96.7 
92.1 
91.4 
95.2 
101.5 


100.0 


89.4 
103.0 
100.0 

91.8 


(CO2)p* Arte rial Venous pCo#* 
mMoles/L. 


plasma mm, Hg 


36.0 
Zico 
20.0 
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Cl, = chloride concentration; (CO2), = total 
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TABLE II 


Patient K,p* 
mEq./I 
No. plasma water 
Respiratory alkalosis 
4 3.95 
11 4.18 
38 6.15 
51 5.01 
53 1.93 
57 2.87 
59 4.93 


Respiratory acidosis 


Pos 
tn 
~ 


141.9 
146.9 
144.3 
146.2 
140.8 
143.9 
141.8 
142.8 
139.2 


98. 

85. 
100. 
100. 
103.5 
101.6 
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Unclassified 

8 
12 
18 
21 
22 
23 
24 
26 
27 
28 
29 
30 
32 
33 
34 
36 
43 
45 
48 
50 
60 
64 
65 
67 
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Mean 4.34 


Range 1.93-6.68 


administra 


The 
tion and collection of urine and blood for isotope’ assay 


sequence and technique of isotope 
have been described previously (19, 20). Three hundred 
to 350 we. K“, and to a few subjects 1 to 2 mc. tritium, 
were the maximum doses of administered radioactivity. 
The periods of isotope equilibration were 40 hours for 
and six hours for D,O or THO. 
almost the 
antecubital vein at the end of the K® equilibration period 


and immediately before the deuterium or tritium injec- 


K® Blood was drawn 


simultaneously from femoral artery and 
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Continued 


pH 
(CO) p* Arterial Venous pCO.* 


mMoles/I 
plasma 
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tion. Glycolysis and clotting in these samples were in- 
hibited by icing and heparin. 

The analytical methods for isotope assay have been 
described previously (19, 21, 22). Sodium and potas- 
sium were measured in dilutions of urine and plasma 
with a lithium internal-standard flame photometer. 
Plasma water was determined gravimetricaily by dry- 
ing 1 ml. aliquots, delivered from calibrated pipettes, at 
104° C. for 72 hours. Plasma chloride was estimated by 


electrometric titration (23), and total CO, content of 
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TABLE II 


Summary of laboratory data: body composition and derived values 








Ke/Kg. TBW/Kg. K./DBW X Hs 
Patient Ke* body wt. TBW* body wt. K./DBW* K./DBW X Ha Nap* 





No. mEq. mEq./Kg. | % mEq./Kg. 
Metabolic acidosis 


2,508 
2,164 
1,251 
2,234 
2,295 
2,012 
1,176 
2,887 
1,357 
2,975 
1,422 
1,572 
1,929 
1,707 
2,265 
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Metabolic alkalosis 


5 2,165 
6 1,529 
13 1,893 
15 1,381 
44 1,973 
47 1,751 
49 1,213 
54 2,817 
62 1,318 
63 2,549 
72 1,492 
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Respiratory alkalosis 
1,934 
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1,725 
2,261 
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Respiratory acidosis 
1 1,859 
2 2,201 
16 1,860 
58 2,036 
70 1,914 
73 1,102 
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Mean 32.3 60.9 353.6 2.51 

Range 869-2,975 21.2-49.6 .7-55. 49.3-76.8 46.7-154.9 134.5-—739.2 0.89-—5.24 

*K, = total exchangeable potassium; TBW = total body water; DBW = dry body weight; Ha = hydrogen ion 
concentration; Nap = sodium concentration. 
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arterial plasma was determined by Van Slyke’s mano- 
metric method (24). The pCO, was estimated from the 
Singer-Hastings nomogram (25). Arterial and venous 
blood pH were measured at 37° C. with a Beckman model 
GS pH meter, calibrated with buffer standards prepared 
from high purity salts provided by the National Bureau 
of Standards. The latter measurements were made 
within 30 minutes of sampling; previous experiments in 
this laboratory had indicated that iced specimens showed 
no change in pH for at least 60 minutes after sampling. 
All chemical determinations were done in duplicate or 
triplicate. 

Calculations, statistics, and analytical error. Standard 
formulas were used in calculating specific activities, Ke 
and TBW, including corrections for isotope excretion in 
the urine (21, 26). Whenever a 24 hour interval elapsed 
between K. and TBW determinations, the Ke was cor- 
rected to the time of TBW measurement by metabolic 
balance for potassium by using measured intake and uri- 
nary losses. The plasma potassium and sodium concen- 
trations, expressed in milliequivalents per liter of plasma 
water, were derived from the measured plasma sodium and 
potassium concentrations and plasma water content. 

Conventional statistical equations were used to calcu- 
late standard deviations (S.D.) coeffi- 
cients (r). The probability (p) of a correlation coeffi- 
cient being obtained by chance was evaluated by the “t” 
test (27). 


and correlation 


RESULTS 


The data obtained in this study are listed in 
Tables II and III. There were 18 subjects with 
metabolic acidosis, 14 with metabolic alkalosis, 7 
with respiratory alkalosis, 10 with respiratory aci- 
25 with acid-base status or 
without readily identifiable acid-base disturbance. 
The K,, varied from 1.93 to 6.68 mEq. per L. of 
plasma water, Na, from 114.7 to 172.5 mEq. per 
L. of plasma water, Cl, from 85.1 to 121.3 mEq. 
per L. of plasma, arterial blood pH from 7.15 to 
7.59 units, venous blood pH from 7.11 to 7.51 and 
pCO, from 15.0 to 74.5 mm. Hg. The range of 
body composition values was also quite wide: 
TBW varied from 49.3 to 76.8 per cent of body 


dosis, and normal 


TABLE IV 


Relationship between plasma potassium concentration 
and arterial pH 


Plasma potassium concentration 
mEq./L. plasma water 


pH range S.D. 


Mean 


+0.89 
+0.50 
+1.04 


7.14-7.36 
7.37-7.46 
7.47-7.60 


5.10 
4.66 
3.58 
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weight; K, ranged from 21.2 to 49.6 mEq. per 
Kg. of body weight and from 46.7 to 154.9 mEq. 
per Kg. of dry body weight. 


Plasma sodium concentration and plasma potas- 
sium concentration 


The lowered intracellular potassium content 
frequently noted in such states as congestive heart 
failure is almost invariably associated with in- 
creased intracellular sodium concentration; this 
has been demonstrated in muscle (28-30) and in 
erythrocytes (31, 32). Hyponatremic and so- 
dium retentive states have “een reported to be 
associated with diminished renal excretion of po- 
tassium and titratable acid ; this has been attributed 
to excessive proximal resorption of sodium, with 
consequent diminution in the amount of potassium 
secreted by exchange with sodium in the distal 
tubule (33). In dogs, however, the tendency to 
develop hyperkalemia in association with hypo- 
natremia and sodium depletion could not be ex- 
plained by renal retention of potassium (13). 
Conversely, administration of potassium to hypo- 
natremic subjects has resulted in elevation of 
serum sodium levels (34), perhaps as a result of 
extrusion of sodium from potassium-depleted cells. 
The multiple determinants of the plasma sodium 
concentration and its apparent independence of 
extracellular pH, however, render unlikely any 
significant direct correlation between K, and Nay 
(15). The correlation between K, and Na, (r = 
— 0.22) indicates that K, tends to vary inde- 
pendently of Na, or plasma osmolality. No sig- 
nificant difference in this correlation was found in 
the individual subgroups with either metabolic or 
respiratory acid-base disturbances (see Table V). 


Plasma potassium concentration and extracellular 
pH 


Numerous observations have confirmed the in- 
verse relationship between the plasma potassium 
level and extracellular pH. The im vitro demon- 
stration that acidification of the nutrient medium 
with mineral acid induced extracellular migration 
of potassium (35) led to experiments in nephrec- 
tomized animals subjected to acid and alkaline 
loads (36-39), artificial induction of respiratory 
acidosis and alkalosis (3-11) and infusion of acid 
and alkaline loads into humans (1). A direct re- 
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lationship between hyperkalemia and acidosis and 


between hypokalemia and alkalosis without accom- 
panying changes in body potassium content seems 
well established. The mean values for K, accord- 
ing to pH, subgroups, as summarized in Table 
IV, verify this trend. However, these are by no 
means invariable associations. Early respiratory 
alkalosis and the period immediately following 
respiratory acidosis have been reported to be 
associated with initial or further elevations of Ky, 
ascribed either to splanchnic release of potassium 
or to epinephrine effect (9, 10, 40, 41). Respira- 
tory alterations of acid-base balance probably in- 
volve different buffering mechanisms than meta- 
bolic disturbances, 1.e., the buffer capacity of the 
extracellular fluids is usually increased with re- 
spiratory acidosis and decreased with metabolic 
acidosis, whereas the converse obtains in respira- 
tory alkalosis and metabolic alkalosis. Further- 
more, the nature of the metabolic disturbance 
seems to influence differentially the accompanying 
ionic redistributions (42, 43). Clinically, both 
alkalosis and acidosis often are not associated 
with significant deviations of plasma potassium 
level from the normal. These exceptions to the 


RELATION BETWEEN PLASMA POTASSIUM CONCENTRATION AND ARTERIAL PH 


correspondence between K, and extracellular pH 
attest to the importance of other regulatory fac- 
tors. In this study the correlation between K, and 
pH of extracellular fluid as represented by ar- 
terial blood was significant, r= —0.52 (p< 
0.001) (see Figure 1 and Table V). If the cases 
are limited to those with pH > 7.30, then r = 
— 0.60. A still higher correlation, r= — 0.64, 
was found within the category of metabolic acid- 
base disturbances, while, surprisingly, in the 
respiratory subgroup, r= —0.16. No signifi- 
cant difference in correlation was found with ve- 
nous blood pH. The influence of changes in 
pCO, on K, proved to be negligible ; for the entire 
group, there was no correlation at all, r = — 0.03. 
In the metabolic disturbance subgroup a minor 
negative correlation was noted between K, and 
pCO,, r = — 0.36; the respiratory subgroup dem- 
onstrated a similar degree of correlation in the 
opposite direction, r = 0.30. 


Plasma potassium concentration and body content 
of potassium 


Without doubt hypokalemia can be induced by 
loss of body potassium, if the loss is prolonged, 
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TABLE V 


Correlation* of plasma potassium concentration (K,) with plasma sodium concentration (Nay), 
plasma pCO, and total exchangeable potassium (K,) 











Metabolic Respiratory 

acid-base acid-base 
All cases disturbances disturbances 
Nt = 51-74 N = 26-32 N = 11-17 


K, vs. Nap — 0.22 — 0. — 0.20 

Ky vs. pCOst — 0.03 — 0.: 0.30 

K, vs. pH, (pH > 7.30) — 0.60 

Ky vs. Hat 0.52 y 0.16 

Ky vs. pHa — 0.52 R — 0.16 
(p < 0.001) 

Ky, vs. K,/body weight 0.22 

Ky vs. Ke/DBWt 0.39 0.45 — 0.28 
(p < 0:005) 

Ky vs. Ha X Ke/DBW 0.58 0.70 0.20 
(p 

- _. Ha X K./DBW y 0.74 0.24 

Ky vs. Na, (p .001) (p < 0.001) 


Ss En ae Fcc 
* Correlation coefficient, r = - — U(x - X)(¥_ i 
V> (X — X)? 2 (Y — Y)? 
+ N = number of cases. 

} pCO, = partial pressure of CO2; H, = hydrogen ion concentration; DBW = dry body weight. 


acute or associated with stress or alkalosis (12). ence between K, and body potassium content as 
An attempt has been made to quantitate such an iso- _ reflected by K, determinations, however, has been 
lated relationship (2). No consistent correspond- demonstrated (44). As expected, the correlation 
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found in this study between K, and K,/body 
weight was insignificant, r= 0.22 (Table V). 
One possible reason for this lack of correlation may 
be the difficulty in quantitating body potassium in 
the presence of the variable amounts of body fat 


and water in disease states. An attempt to cir- 
cumvent this problem was made, first by deliberate 
selection of lean subjects only for study, and sec- 
ond by measurement of TBW, thus allowing cal- 
culation of the artificial parameter “dry” body 
weight (DBW). In fact, K, did correlate sig- 
nificantly better with K./DBW (r=0.39, p< 
0.005) than with K,/body weight (see Figure 2). 
In the subgroup with respiratory acid-base dis- 
turbances, r= — 0.28 (see Table V). These im- 
perfect correlations, while confirming the signifi- 
cant effect of alterations of body potassium content 
on K,, attest to the need for a more comprehensive 
analysis of the factors affecting K,, and again sug- 
gest that selective influences operate on K, in met- 
abolic and respiratory acid-base disturbances. 


Plasma potassium concentration, body content of 
potassium, and extracellular pH 


The almost invariable association of acid-base 
disturbances with those conditions which result in 
significant changes of body potassium content and 
K, implies the existence of some overall quantita- 
tive relationship between K,, body potassium con- 
tent, and extracellular pH. Burnell, Scribner and 
co-workers (1, 2) have derived semiquantitative 
formulations which purport to define the relation- 
ships between changes in K, and body potassium 
content and changes in K, and extracellular pH. 
These formulations are of some value clinically, 
but provide no integrated account of the determi- 
nants of K, at any one time. It seemed reason- 
able, therefore, to examine the proposition that the 
extracellular fluid pH, or H,, quantitatively con- 
trols the gradient of potassium concentration 
across the cell membrane in the steady state, 1.¢., 
in the absence of acute distorting factors such as 
changes in potassium balance. The simplest repre- 
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sentation of this relationship is: K,/Ky = k X Ha 
where K,, is the intracellular potassium concentra- 
tion and k is a proportionality constant. If K,/ 
DBW is taken as a measure of the intracellular 
potassium concentration (since extracellular po- 
tassium probably comprises no more than 3 to 4 
per cent of exchangeable potassium) (45), then 
one may test experimentally the relationship: 
K, =k X H, X K./DBW. The correlation co- 
efficient, r, for this relationship is 0.58 (p < 0.001) 
(see Figure 3), a modest improvement over the 
correlation between K, and pH alone. In the 
metabolic subgroup, the correlation coefficient for 
the relationship between K, and H, X K,./DBW 
is 0.70, an increase which parallels a similar in- 
crease in the correlation between K, and pH in 
this subgroup. However, the respiratory sub- 
group again demonstrates a poor correlation, r = 
0.20. The empirical observation that in some 
cases which did not correlate well the plasma so- 
dium concentrations were abnormal, and the ex- 
perimental observations cited previously, sug- 
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gested the possibility that the ratio H,: Na, might 
be more decisive in determining K, than H, alone. 
Accordingly we tested the expression: 


, k X K./DBW X H, 
K, = aa 

Nap 
(see Figure 4). This maneuver resulted in still 
higher degrees of correlation, r = 0.62 for the en- 
tire group, r = 0.74 for the metabolic subgroup 
(see Figure 5) and r = 0.24 for the respiratory 
subgroup. Logarithmic and 
formulations did not materially modify any of the 
described statistical relationships. 


semilogarithmic 


DISCUSSION 


Previous observations have indicated that 
changes in extracellular pH, body potassium con- 
tent, and plasma sodium concentration individually 
are associated with acute and chronic aberrations 
of plasma potassium concentration. The data ob- 


tained in this study show that plasma potassium 


1 1 1 1 1 1 1 j 





065 110 135 160 165 


1 1 
210 235 260 2865 310 335 360 3865 410 435 460 485 510 535 


(Ke /oBw . H*)/ Nap 


Fic. 4. RELATION BETWEEN PLASMA PoTasstUM CONCENTRATION (K,) AND RATIO OF EXCHANGEABLE 
PoTassIuM PER Kc. Dry Bopy Weicut (K./DBW) X ArtertaL Hyprocen Ion ConceNTRATION (H*) To 


PLasMA SopruM CONCENTRATION (Nap) 





PLASMA POTASSIUM AND BODY COMPOSITION 





(mé9./L. PLASMA WATER) 


> 
x 
° 


2.60 


PLASMA POTASSIUM CONCENTRATION 
(Kp) 
ua 
@ 
° 


2.20 


j 1 1 L 





i i 1 


1 i 1 A. ‘fe = l 





60 
O85 110 135 1.60 


1 1 1 j 
165 210 235 260 265 3510 3535 360 385 410 435 460 485 510 535 


? 
Ke/DBw x H‘/Nap 


Fie. 5. 


RELATION BETWEEN PLASMA PotTAssIUM CONCENTRATION (Kp) AND Ratio oF EXCHANGEABLE 


PoTASSIUM PER Kc. Dry Bopy Weicut (Ke/DBW) X ArterIAL Hyprocen Ion ConceNTRATION (H*) To 
PLASMA Sopi1uM CONCENTRATION (Nap) IN PATIENTS WITH METABOLIC AciD-BASE DISTURBANCES 


concentration is related to these three factors in 
decreasing order of importance. A summary of 
statistical correlations is presented in Table V. 
Striking differences are apparent between meta- 
bolic and respiratory acid-base disturbances, in 
that K, seems much less dependent on these vari- 
ables in the latter category (see Table V). A 
very close relationship (r = 0.74) has been found 
H, X K./DBW . 

Na. in pa- 
tients with metabolic acid-base disturbances.’ It 
may be inferred from these observations that addi- 
tional factors or different mechanisms affect K, in 
patients with respiratory acid-base disturbances. 
This interesting finding suggests that H, does not 
directly effect changes in K,, but exerts its influ- 
ence by its effects on intracellular buffering proc- 
esses, and ultimately on intracellular hydrogen ion 
concentration. These effects probably depend on 





between K,, and the ratio 


2 The consistently improved correlation coefficient re- 
sulting from the inclusion of Na, in the denominator (al- 
though not statistically conclusive) strongly suggests 
that this observation is valid. 


whether the primary disturbance is metabolic or 
respiratory in nature. Such a possibility is sup- 
ported by Tobin’s demonstration (43) that differ- 
ent degrees of acidosis and K, change could be in- 
duced by equa! loads of mineral and organic acids 
and by Fenn and Cobb’s experiment showing that 
under certain conditions raising the extracellular 
concentration of dissolved CO, resulted in move- 
ment of potassium into cells (35). A possibly re- 
lated factor may be the inherent lability of respira- 
tory disturbances; the rapid diffusibility of CO, 
into and out of cells in response to changes in ven- 
tilation may preclude the establishment of the 
steady state envisioned in this study. 

The proposal that K, is proportional to the ratio 
iw, ee may be interpreted as having 

ap 


fundamental physiological significance, provided 





that simplifying assumptions are valid. This re- 
lationship may indicate the passive distribution of 
potassium and hydrogen ions in proportion to 
resting transmembrane potential differences, prob- 
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ably modified by a Gibbs-Donnan equilibrium. 
Such a relationship may be represented by the ex- 
pression: K,/Ky = Hs/Hy, where “ic” denotes 
concentrations inside the cell. The experimental 
verification of this simple construct is hampered 
by the lack of accurate measures of Ky. and Hy. 
However, if the equation is rearranged, viz., 
K, = Re XE then a resemblance emerges to 
ic 

the formulation presented in this study, except 
that the factor H,, is replaced by Na, and Ky is 
approximated by K,/DBW. 

If potassium and hydrogen ions are passively 
transported across cell membranes, then the mag- 
nitude and direction of their movements, as condi- 
tioned by both the Donnan equilibrium and the 
transmembrane potential, would be similar. If, 
however, potassium is actively transported into the 
cell, it is conceivable that hydrogen ion competes 
for transport sites in the membrane in a fashion 
analogous to the apparent competition of potas- 
sium and hydrogen for secretion into the distal 
tubular segment of the kidney (46). Such a 
process would also reveal a dependence of K, on 
H,. A mechanism of this kind, however, would 
not in itself account for the differences noted in 
the correlations of K, with pH, between the group 
of patients with metabolic acid-base disturbances 
and the grou; with respiratory acid-base disturb- 
ances. The possible correspondence between Nap 
and H,. suggested above may arise from a de- 
pendency of intracellular osmolality on Hy, analo- 
gous to the dependency of extracellular osmolality 
on Nay, which has been verified experimentally 
(15). 

The expression K,/DBW provides only a gross 
estimate of intracellular potassium content based 
on separate measurements of K,, body weight, and 
total body water. Despite selection of lean sub- 
jects only, variable quantities of body fat were un- 
questionably present. Considering the close cor- 
relation between K, and lean body mass it is prob- 
able that a measurably greater dependence of K, 
on the product of H, and body potassium content 
might be found if K, were expressed in units of 
lean body mass (21, 47). The high incidence of 
hepatic disease may have been a complicating fac- 
tor in this group of patients; the liver probably 
participates in changes of K, during respiratory 
disturbances since the initial rise in K, in early 


J. LEIBMAN AND I. S. EDELMAN 


respiratory alkalosis is abolished in hepatecto- 
mized animals (9, 41, 48). The number of cases 
with respiratory disturbances was relatively small 
and it was not feasible to study any severe cases 
of this type. Finally there may be specific influ- 
ences on K, such as the effects of epinephrine 
secretion or other hormonal factors which may 
alter potassium gradients across cell membranes 
independent of the effect of hydrogen ion or body 
potassium content (40, 49-51). 


SUMMARY 


The relationships of plasma potassium concen- 
tration (K,,), plasma sodium concentration (Nap), 
extracellular fluid pH, and body potassium con- 
tent, expressed as exchangeable potassium per 
kilogram of dry body weight (K,./DBW), were 
explored by simultaneous measurements in a 
heterogeneous group of chronically ill patients 
with a variety of acid-base disturbances. 

Plasma potassium concentration correlates 
poorly or slightly with Na), plasma pCO, and 
K./DBW. A modest correlation exists between 
K, and arterial blood hydrogen ion concentra- 


tion (H,) which is enhanced significantly when 

a _ .* <./DBW 

K, is plotted against te x is hal 
iNdp 

differences in correlation appear between sub- 

groups of patients with metabolic and respiratory 


Striking 


acid-base disturbances. In the group of patients 

with metabolic disturbances a close correlation was 

H, X K./DBW 
Nap 

not apparent in the group with respiratory acid- 

base disturbances. 

The physiological implications of these findings 
are discussed, and possible differential mechanisms 
in these two types of acid-base disturbance are 
presented. 


which is 





found between K, and 
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The phenomenon of substrate induced enzyme 
formation has been amply documented in studies 
of microbial systems (1), and similar adaptive 
changes in enzymic activity in the tissues of verte- 
brate forms have been described by Knox, Mehler 
and Lin (2, 3) and by others (4,5). The sug- 
gestion has been made (4, 6) that substrate in- 
duction may be a mechanism involved in those 
changes in enzymatic activities that normally oc- 
cur during development and differentiation. An 
extension of this concept might predict that changes 
in the tissue level of a given substrate during de- 
velopment would be associated with alterations in 
the activities of enzymes concerned in the metabo- 
lism of that substrate. The present studies were 
initiated to test this hypothesis, using hepatic me- 


tabolism of the essential amino acid phenylalanine 
as a model system. Aside from incorporation into 
protein, which is common to all amino acids, the 
known reactions of phenylalanine in mammalian 
liver include only transamination to yield phenyl- 
pyruvate (7-9) and hydroxylation at the para 


position to form tyrosine (10). A previous re- 
port from this laboratory (11) established that the 
enzyme system forming tyrosine from phenylala- 
nine is essentially absent during fetal life in the 
rat, developing to the level of the adult several 
days after birth. In the present report, this ob- 
servation has been extended to other mammalian 
species and the nature of the enzymic deficiency 
in the liver of fetal animals has been determined. 
In addition, transamination of phenylalanine in 
rat liver has been studied, with particular refer- 
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ence to changes in activity of the enzyme during 
fetal and neonatal periods of development. A pre- 
liminary report concerning some of these studies 
has been published (12). 


METHODS AND MATERIALS 


Tissue sources. The rats (Long-Evans) and rabbits 
used in these experiments were from laboratory colonies. 
The procedure for the determination of gestational age of 
rat fetuses has been described (13); the age of rabbit 
fetuses is estimated from the date of placing the male 
with the female. Pig fetuses 19 to 20 cm. long (crown 
to base of tail) were obtained at the abattoir. The sam- 
ple of liver from a human premature infant was obtained 
at autopsy, two to three hours after death. 

Enzyme preparations. Livers were removed and placed 
in cold saline or sucrose solutions as quickly as possible. 
Homogenates were prepared in 0.15 M KCl or 0.25 M 
sucrose using a Teflon homogenizer; livers of fetal and 
newborn (less than 10 days of age) litter mates were 
pooled. Preparation of mitochondria and other subcellu- 
lar fractions from sucrose homogenates was carried out 
as described by Schneider (14) with some modifications 
(15). Fractions I and II, comprising the phenylalanine 
hydroxylase of rat liver, were prepared essentially as de- 
scribed by Mitoma (16). 

Enzyme assays. Phenylalanine hydroxylase activity 
was assayed by measuring tyrosine formation, using the 
colorimetric procedure of Udenfriend and Cooper (17) ; 
details of additions to reaction mixtures are given in the 
appropriate tables. The high “blank” content of tyrosine 
in crude preparations was routinely corrected for by inclu- 
sion of samples in which enzymic activity had been ini- 
tially terminated by trichloroacetic acid. Phenylalanine 
transamination was routinely assayed in the direction of 
phenylalanine formation by following the disappearance 
of phenylpyruvate, using a method suggested by Gilvarg 
(18). Small aliquots of trichloroacetic acid filtrates of 
reaction mixtures were pipetted into 1 cm. spectrophotom- 
eter cells, and sufficient NaOH was added to yield a 
concentration of 1.0 M in a final volume of 3.0 ml. The 
optical density of these mixtures was read at 321 my in 
the Beckman spectrophotometer, and the content of 
phenylpyruvate calculated from the extinction coefficient 
of the product formed under these conditions (e= 1.45 X 
10’ cm.’ per Mole phenylpyruvate). Nonspecific absorption 
of reaction mixtures was found to be negligible, but it 
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TABLE I 


Effect of aduit rat liver fractions on phenylalanine hydroxylase activity of liver preparations from 
fetal rats, rabbits, pigs and a human premature infant* 


uMoles 


Experiment 
’ tyrosine formed 


No Enzyme preparations added 
Fetal rat liver soluble fraction 0.01 
Fetal rat liver soluble fraction + Fraction | 0.13 
Fetal rat liver soluble fraction + Fraction I] 0.03 
Maternal rat liver soluble fraction 0.17 
Fractions I and I] 0.07 


Fetal rabbit liver soluble fraction 0.07 


Fetal rabbit liver soluble fraction + Fraction I 
Fetal rabbit liver soluble fraction + Fraction II 
Maternal rabbit liver soluble fraction 


Fractions I and II 


Fetal pig liver soluble fraction 


Fetal pig liver soluble fraction +4- Fraction I 
Fetal pig liver soluble fraction 4 


Fractions I and II 


- Fraction II 


0.34 
0.04 
0.43 
1.76 


0.01 
0.62 
0.02 
0.07 


Premature human infant liver soluble fraction 0 


Premature human infant liver soluble fraction + Fraction I 
Premature human infant liver soluble fraction 


Fractions I and I] 


0.73 
+ Fraction II 0 
0.98 


* All assays were carried out for 60 minutes at 35° C. Enzyme preparations were added to beakers containing 


150 «Moles phosphate buffer at pH 6.8, 2 w.Moles reduced diphosphopyridine nucleotide, 2 ~Moles L-phenylalanine, and 


sufficient 0.15 M KCI to yield a final volume of 3.0 ml. 


Soluble fractions were prepared from 33 per cent homogenates 


in 0.15 M KCI by centrifugation at 105,000  G for 60 minutes; 1.0 ml. of this preparation was used in each experiment. 
In each experiment either of the adult rat liver fractions alone formed only traces (less than 0.01 wMole) of tyrosine; 


assay of the two together in the amounts used is included in the table. 


Rat fetuses were at term (22 days) and rabbit 


fetuses were at 21 days of gestation; in these experiments assays of preparations of the maternal liver are included for 


comparison. 


was necessary to include controls for nonenzymic removal 
of phenylpyruvate, apparently due to binding -to acid 
precipitated protein. The optical densities of these mix- 
tures decreased slowly with time and were read at a fixed 
interval, usually two minutes, after mixing. 

Reagents. Diphosphopyridine nucleotide (DPN), tri- 
phosphopyridine nucleotide (TPN), sodium phenylpyru- 
vate, and trishydroxymethylaminomethane (Tris) were 
all products of the Sigma Chemical Company. 
DPN (DPNH) was prepared by reaction of DPN with 
ethanol and alcohol dehydrogenase as described by Rafter 
(19). 
hydrogenases were from the Worthington 


Reduced 


and Colowick Crystalline lactic and alcohol de- 
3iochemical 
Corporation. Glucose-6-phosphate dehydrogenase was 
prepared from dried yeast according to Kornberg and 
Horecker (20). The 
factor (2-amino-4-hydroxy -6,7-dimethyltetrahydropteri 
dine) was a generous gift from Dr. Seymour Kaufman of 


the National Institutes of Health, Bethesda, Maryland. 


phenylalanine hydroxylase co- 


RESULTS 
Phenylalanine hydroxylation 


It was first established by Mitoma (16) that the 
phenylalanine hydroxylase activity of rat liver can 


be dissociated by ammonium sulfate fractionation 
into two components. One of these (Fraction I) 


is found only in liver, is quite labile, and has been 
shown to be deficient in the livers of phenylketo- 
nuric individuals (21, 22). The second (Frac- 
tion IT) is a stable enzyme which can be prepared 
from several tissues other than liver. Following 
the demonstration (11) that the livers of fetal 
and newborn rats are essentialy unable to form 
tyrosine from phenylalanine, experiments were 
carried out to determine whether this inactivity 
could be traced to deficiency in one, or in both, of 
the two enzymic components. Supplementing in- 
active soluble fractions of livers from fetal rats, 
rabbits and pigs with adult rat liver fractions 
shows quite conclusively that, in each case, the 
addition of Fraction I is sufficient to yield a com- 
bination with phenylalanine hydroxylase activity 
(Table 1). A similar experiment was carried out 
using the soluble fraction of liver from a human 
premature infant, with the same result (Experi- 
ment 4, Table 1). However, since this tissue was 
obtained at autopsy some time after the death of 
the infant, this result must be interpreted with cau- 
tion, particularly in view of the apparent lability of 
this enzyme to autolysis (22). 





HEPATIC METABOLISM OF PHENYLALANINE DURING DEVELOPMENT 


Certain aspects of these experiments that were 
at first difficult to understand have been clarified 
by the studies of Kaufman (23, 24) which estab- 
lish that this reaction requires a hitherto unrecog- 
nized cofactor. These aspects may be summarized 
as follows. 1) While Fraction I loses activity 
rapidly on aging or dialysis when assayed with 
Fraction II, it was observed in several of these 
experiments that Fraction I preparations which 
had apparently lost most or all of their activity 
(when assayed with II) were still highly active in 
stimulating liver preparations from fetal animals 
(Experiments 1 and 3, Table I). 2) As shown 
in Mitoma’s initial report (16) and repeated in 
this laboratory, assay of the two rat liver fractions, 
varying one while holding the other constant, re- 
veals important differences between them (Fig- 
ure 1). If Fraction I is held at a constant level, 
and II varied, a typical enzyme concentration 
curve is obtained, while if II is constant and | 
varied, activity varies exponentially rather than 
linearly with the amount of I added. 
gests that Fraction I is providing more than one 
component to the system. 3) As described in a 
preliminary report (12), the addition of varying 
amounts of Fraction I to inactive preparations of 
fetal liver results in activity which is essentially 
linearly related to the amount of I added; the 


This sug- 
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JMMOLES TYROSINE FORMED 


Fic. 1. Errect oF VAryING AMOUNTS OF Rat LIVER 
FRACTIONS IN HypbroxyLATION OF PHENYLALANINE 


Reaction mixtures containing 150 uMoles phosphate 
buffer, pH 6.8, 4 wMoles L-phenylalanine, 1 «Mole DPN, 
10 wMoles sodium lactate, excess lactic dehydrogenase, 
rat liver fractions and 0.15 M KCI to 2.0 ml. were shaken 
at 35° C. for 30 minutes. After incubation trichloroacetic 
acid was added to five per cent, the mixtures were centri- 
fuged and aliquots taken for tyrosine assay as described 
in “Methods.” In A, all samples contained 0.5 ml. of 
Fraction I, and Fraction II was varied as indicated; in 
B, all contained 0.5 ml. of II, and I was varied as indi- 
cated. 
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TABLE II 


Specific requirement for hydroxylase (protein fraction I) 
by liver of fetal rats* 
u Moles 
tyrosine 
Additions formed 
Fraction | 0 
Fraction I] 0.05 
Fractions | and I] 0.16 
Fractions | and I] + cofactor 0.91 
Fetal rat liver soluble fraction 
Fetal rat liver soluble fraction + Fraction | 
Fetal rat liver soluble fraction + Fraction II 
Fetal rat liver soluble fraction 


0.02 
0.27 
0.06 
+ cofactor 0 


* The reaction mixtures contained 100 uMoles phosphate 
buffer at pH 6.8, 2 wMoles phenylalanine, 10 «Moles 
glucose-6-phosphate, 0.5 wMole _ triphosphopyridine 
nucleotide, 2 «Moles reduced diphosphopyridine nucleotide, 
excess yeast glucose-6-phosphate dehydrogenase, enzyme 
and cofactor additions as noted, and water to 1.5 ml. 
After 40 minutes at 37° C., trichloroacetic acid was 
added and the mixtures assayed for tyrosine as described 
in “Methods.” The preparation of fetal rat liver was 
the 105,000 « G supernatant of a 33 per cent homogenate 
in 0.15 M KCI; 1.0 ml. of this preparation was used. 
Fractions I and II of adult liver were added in volumes 
containing 2.2 and 3.2 mg. of protein, respectively. 
Seventy-five ug. of the cofactor (2-amino-4-hydroxy-6, 
7-dimethyltetrahydropteridine) was added where indicated. 


multiple order response obtained when Fraction 
I is varied against II is not observed. These con- 
siderations can now be interpreted as indicating 
that Mitoma’s Fraction I provides the rat liver 


system with the cofactor as well as with the spe- 
cific hydroxylation enzyme, and that only one of 


these is required by fetal tissues. Thus the effect 
of Fraction I in stimulating inactive preparations 
from fetal animals could be due to deficiency of the 
fetal tissue in either of these components. 

A direct test of this problem was made possible 
by Kaufman’s discovery that the reduced form of 
several pteridine derivatives can effectively sub- 
stitute for the natural cofactor, although none of 
those yet tested is identical with it (25). Among 
the most active is 2-amino-4-hydroxy-6,7-dimethyl- 
tetrahydropteridine, a sample of which was kindly 
made available to us by Dr. Kaufman. 
factor was tested, along with aged protein frac- 
tions prepared from adult rat livers several days 


This co- 


previously, for ability to stimulate hydroxylase 
activity of fetal rat liver. The results are sum- 
marized in Table II. It can be seen that this 
preparation of Fraction II is not completely free 
of I activity, and that I and II combined are rela- 
tively inactive unless supplemented with cofactor. 
This can be interpreted as indicating that I has 
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TABLE Ill 


Requirements for metabolism of phenylpyruvate by 
rat liver preparations* 





uMoles 
phenylpyruvate 
metabolized 


Additions 


Homogenate 

Mitochondria 

Supernatant 

Mitochondria + supernatant 
Mitochondria + heated supernatant 
Heated mitochondria + supernatant 
Mitochondria + 5 «Moles L-glutamate 


* Reaction mixtures containing 5 ywMoles_ phenyl- 
pyruvate, 40 w»Moles Tris buffer at pH 7.5, indicated 
additions and 0.25 M sucrose to 2.0 ml. were shaken at 
37° C. for 30 minutes in the Dubnoff metabolic shaker, 
after which trichloroacetic acid was added and assays for 
phenylpyruvate carried out as described in ‘‘Methods.” 
The mitochondria were washed three times with 0.25 M 
sucrose and the washings discarded; the supernatant 
fraction referred to is that part of the liver homogenate 
that is not sedimented at 8,500 x G. The amounts of 
each fraction added, in terms of equivalent weight of 
liver, were 0.5, 0.5 and 1.0 Gm. for homogenate, mito- 
chondria and supernatant, respectively. 


lost activity since its preparation, due to loss of the 
cofactor. Addition of II to the essentially inactive 
preparation from fetal rats stimulates to an ex- 
tent attributable to the activity of II alone. Addi- 
tion of the cofactor is without effect, while addi- 
tion of I yields an active combination of even 
greater activity than I and II combined. This 
result establishes, then, that the fetal liver prepa- 
ration contains both the cofactor and the enzyme 
of Fraction II, and is specifically deficient in the 
hydroxylase enzyme, represented by Fraction I. 


Phenylalanine transamination 


In preliminary studies of the routes of metabo- 
lism of phenylpyruvate, concentrated homogenates 
of rat liver were observed to metabolize this com- 
pound rapidly, either aerobically or anaerobically. 
On fractionation of homogenates by differential 
centrifugation, removal of phenylpyruvate could 
be shown to require both the mitochondria and 
the mitochondrial supernatant for maximal ac- 
tivity (Table III); the nuclear fraction (sedi- 
mented at 600 x G) While the 
mitochondrial component is heat labile, the super- 
natant fraction lost no activity after boiling for 
five minutes and could be replaced by a variety of 
amino acids, of which glutamate was among the 
most active. These experiments could be re- 


was inactive. 
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peated in an atmosphere of nitrogen without 
changing the results obtained. 

The tentative conclusion that transamination 
was occurring was confirmed by paper chromatog- 
raphy of reaction mixtures; strong ninhydrin- 
positive spots corresponding to phenylalanine were 
obtained from each sample in which substantial 
amounts of phenylpyruvate had disappeared. A 
quantitative evaluation, measuring phenyalanine 
by the bacterial decarboxylase method of Uden- 
friend (26) was carried out, using washed mito- 
chondria and glutamate under the conditions de- 
scribed in Table III. In duplicate samples, 1.83 
and 1.87 »Moles phenylpyruvate disappeared and 
1.75 and 1.78 »Moles phenylalanine were formed ; 
in view of the uncertainties inherent in this phenyl- 
alanine assay these values were accepted as satis- 
factory stoichiometry. 

The relative efficacy of several amino acids as 
amino donors in this reaction was studied in iso- 
lated subcellular fractions. Nuclear and micro- 
somal fractions were essentially inactive with all 
the amino acids tested. Activity in mitochondrial 
and soluble fractions varied with each amino acid, 
but the distribution of activity in these fractions 
and the relative effectiveness of the amino acids 
were quite reproducible in several experiments. 
The data from a representative experiment are 
presented in Table IV. It is apparent that, when 
calculated in terms of an equivalent weight of 


TABLE IV 


Effectiveness of various amino acids in transamination with 
phenylpyruvate in rat liver fractions* 








Phenylpyruvate disappeared 
(uMoles/hr./Gm. liver) 
Mitochondria Soluble 


Amino donor added Total 


None 
Glutamate 
Alanine 
Aspartate 
Glutamine 
Leucine 
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* Reaction mixtures containing 50 »Moles Tris buffer 
at pH 7.5, 30 ug. pyridoxal phosphate, 5 «Moles pheny!l- 
pyruvate, 10 ~Moles of the L-isomer of each amino acid 
indicated, tissue preparation and 0.25 M sucrose to 2.0 
ml. were shaken for 60 minutes at 37° C. under Nz. 


Mitochondria, washed three times, were added in an 
amount equivalent to 0.5 Gm. of liver, while the amount 
of soluble fraction (105,000 * G supernatant) added was 
equivalent to 0.3 Gm. of liver. Assays for phenylpyruvate 
were carried out after acid addition as described in 
“Methods.” 
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MAMOLES PHENYLPYRUVATE 











HOURS 
Fic. 2. TRANSAMINATION OF PHENYLPYRUVATE WITH 
L-GLUTAMINE IN Rat Liver MITOCHONDRIA 


The reaction mixture, containing 50 ~Moles Tris buffer, 
pH 7.5, 60 ug. pyridoxal phosphate, 10 uMoles t-gluta- 
mine, 5 wMoles phenylpyruvate (4.84 ~Moles by assay), 
three times washed mitochondria from 1 Gm. liver, and 
0.25 M sucrose to 2.0 ml. was shaken at 37° C. under N, 
in the Dubnoff metabolic incubator. Small aliquots were 
taken at the times indicated and assayed for phenylpy- 
ruvate as described in “Methods.” 


liver, activity is rather evenly distributed between 
the two fractions. An exception is reaction with 
aspartic acid, which was in each experiment re- 
stricted to the mitochondria. These results sug- 
gest that there are probably several or many dif- 
ferent transaminases capable of reaction with 
phenylpyruvate, although the possibility that some 
amino acids react indirectly, by prior formation of 
a specifically required donor, cannot be excluded. 
The rate of transamination with glutamate or 
glutamine is two to three times greater than with 
the other amino acids tested. Transamination 
with glutamine may be more rapid because this 
reaction goes to completion (Figure 2), probably 
due to coupling of transamination with deamida- 
tion of the a-ketoglutaramide formed (27). In 
contrast, reaction with glutamate tends toward 
equilibrium (Figure 3), as shown previously by 
Rowsell (9). It is of interest to note that the 
relative rates of this reversible reaction under the 
conditions used here (phenylalanine and phenyl- 
pyruvate at about 0.005 M, a-ketoglutarate and 
glutamate at 0.01 M) are quite different, the ini- 


2193 


tial (first 30 minutes) rate in the direction of 
phenylalanine formation being approximately 
seven times greater than that of the reverse reac- 
tion. Rowsell found the two reactions to proceed 
at nearly equal rates, with all components added 
at 0.025 M. This disparity suggests a large dif- 
ference in the Michaelis constant for the various 
reactants, with the phenylpyruvate-glutamate pair 
being bound much more tightly than phenylalanine 
and a-ketoglutarate. 


Developmental study 


The changes in activity of liver phenylpyruvate- 
glutamate transaminase that occur during late fetal 
and .ieonatal life in the rat are illustrated in Fig- 
ure 4. Since this activity was shown to be dis- 
tributed between mitochondrial and soluble frac- 
tions, the entire liver homogenates were assayed 
in this study. Under the conditions described in 
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Both reaction mixtures contained 50 uMoles Tris buffer, 
pH 7.5, 60 ug. pyridoxal phosphate, three times washed 
mitochondria from 1 Gm. liver, and sufficient 0.25 M su- 
crose to yield a final volume of 2.0 ml. In addition, 20 
uMoles L-glutamate and 10 wMoles phenylpyruvate (9.6 
uMoles by assay) were added to A, and 20 wMoles 
a-ketoglutarate and 10 uMoles t-phenylalanine were 
added to B. The mixtures were shaken at 37° C. under 
N.; at the times indicated, appropriate aliquots were taken 
and assayed for phenylpyruvate as described in “Meth- 
ods.” 
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Fic. 4. CHANGES IN Activity oF Hepatic PHENYL- 
PYRUVATE-GLUTAMATE TRANSAMINASE DURING DEVELOP- 
MENT OF THE Rat 











Liver homogenates were shaken under N, for 30 
minutes at 37° C. with 50 wMoles Tris buffer pH 7.5, 60 
ug. pyridoxal phosphate, 10 w~Moles phenylpyruvate and 
20 wMoles t-glutamate in total volume of 2.0 ml. 
After acid addition aliquots were assayed for phenylpy- 
ruvate as described in “Methods”; activity is expressed 
in terms of «Moles phenylpyruvate disappearing per hour 
per milligram homogenate protein. Adults are here con- 
sidered as rats weighing 100 Gm. or more. The solid 
circles are representative of the activity of livers of 
gravid females. 


Figure 4 the rate of transamination is roughly 
linear with homogenate concentration over a 10- 
fold range, and all assays were carried out in this 
range. The choice of glutamate as amino donor 
was due to the observation that of the amino acids 
tested, it, together with glutamine, was consistently 
the most active. Glutamine was not used because 
the rate of reaction with this donor is apparently 
dependent on deamidation as well as transamina- 
tion. In several of these experiments reaction 
mixtures were assayed for phenylalanine by the 
bacterial decarboxylase procedure, and in each 
case the amount of phenylalanine formed agreed to 
within 10 per cent of that of phenylpyruvate that 
had been metabolized. 

Activity is present in the terminal days of fetal 
life, and by the time of birth is equivalent to that 
found in the livers of adult rats. During the neo- 
natal period activity is high, reaching a peak during 


the first 10 days, which is approximately twice the 
usual adult level. By the end of the third week 
activity has dropped to the adult level, and, al- 
though not shown, the activity of livers of animals 
older than three weeks was consistently within this 
range (0.20 to 0.35 »Mole per hour per mg. pro- 
tein). Little difference was noted between male 
and female adults and the slightly increased ac- 
tivity in livers of gravid females is probably not 
significant. 

While this manuscript was in preparation a 
report was published describing changes in the 
activity of several enzymes of rat liver during 
development (28). Among the enzymes studied 
was phenylalanine-a-ketoglutarate transaminase, 
which was assayed in soluble fractions by follow- 
ing the tautomerization of phenylpyruvate formed. 
While the findings reported differ in some details 
from those described here, the overall pattern of 
change, including development during late fetal 
life and high activity during the neonatal period, 
was similar to that seen in Figure 4. 


DISCUSSION 


Perhaps the most notable feature of the patterns 
of development of the two enzyme systems that are 
considered here is their lack of uniformity. Ac- 
tivity of phenylalanine hydroxylase has been shown 
to be deficient in late gestation, as well as for the 
first day or two of postnatal life in the rat (11). 
Although the complex kinetics involved in the 
study of this enzyme system make an accurate 
evaluation of the activity of crude preparations 
quite difficult, it was shown that activity is simi- 
lar to that of adults by the third to twelfth day 
after birth. In contrast, the capacity to form 
phenylpyruvate from phenylalanine by transamina- 
tion is present during late fetal life, and is equiva- 
lent to that of adults by the time of birth. A lim- 
ited series of analyses in this laboratory has indi- 
cated that the free phenylalanine content of the 
livers of fetal rats of 17 to 21 days of gestation is 
at least as high as that of adults, when measured 
by the bacterial decarboxylase procedure in 
perchloric acid filtrates of homogenates. The 
methods used in these studies are of necessity 
crude, and can yield no information concerning 
what may be important intracellular or intercom- 


partmental shifts of metabolite concentration. 





HEPATIC METABOLISM OF PHENYLALANINE DURING DEVELOPMENT 


Thus, while substrate induction may be involved 
in the mechanism of enzyme formation, these find- 
ings indicate that it is not simply the amount of 
substrate available that determines the time course 
of enzyme development. In this connection it 
might be noted that the development of tyrosine- 
a-ketoglutarate transaminase, an enzyme metaboli- 
cally related to those considered here, has been 
shown to be under a measure of hormonal con- 
trol (13). 

The results reported here also establish that the 
characteristic inability of the livers of fetal mam- 
mals to form tyrosine from phenylalanine is due 
to absence or inactivity of the specific hydroxylase 
enzyme, as both the nonspecific enzyme and the 
cofactor are present. A recent report by Kaufman 
(25) has shown that biopsy specimens of liver 
from phenylketonuric individuals contain the co- 
factor as well as the nonspecific enzymic compo- 
nent of the hydroxylase system. Further study of 
the factors controlling the development of this en- 
zyme in the newborn animal may prove to be of 
significance in this regard. 


SUMMARY 


Liver preparations from fetal rats, rabbits, pigs 
and a human premature infant were found to be 
essentially incapable of forming tyrosine from 


phenylalanine. Supplementing these inactive prep- 
arations with adult rat liver fractions indicates 
that each is deficient in the specific component of 
the phenylalanine hydroxylase system. The ac- 
tivity of fetal rat liver is not affected by addition 
of 2-amino-4-hydroxy-6,7 -dimethyltetrahydrop- 
teridine, which is active as a cofactor in this sys- 
tem, indicating that inactivity is due to deficiency 
of the hydroxylase enzyme. 

Phenylpyruvate undergoes transamination with 
several amino donors in the mitochondrial and 
soluble fractions of rat liver; glutamate and glu- 
tamine are particularly effective. In mitochon- 
dria, reaction with glutamine goes to completion, 
while reaction with glutamate approaches equi- 
librium. Assay of phenylpyruvate-glutamate 
transamination in the livers of fetal and neonatal 
rats indicates that activity is present during late 
fetal life, reaches the adult level by birth, and is 
higher than that of the adult during the neonatal 
period. Differences in the developmental patterns 
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of phenylalanine hydroxylation and transamination 
are discussed from the point of view of substrate 
control. 
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It has long been recognized that acute respira- 
tory alkalosis depresses the renal reabsorption of 
bicarbonate (1, 2), but the exact nature of the 
reabsorptive limit has not been defined. In the 
present studies, it has been demonstrated that 
acute reduction of plasma carbon dioxide tension 
‘depresses bicarbonate reabsorption to a rate which 
is essentially constant over a wide range of plasma 
bicarbonate concentrations. This pattert: is analo- 
gous to that found in the normal but differs from 
that previously observed in acute respiratory aci- 
dosis, where reabsorption rises as a curvilinear 
function of plasma bicarbonate concentration (3). 


MATERIALS AND METHODS 


Twelve experiments were performed on female mon- 
grel dogs anesthetized with sodium pentobarbital. Prior 
to each experiment, hydrochloric acid was infused in 
order to decrease the plasma bicarbonate concentration 
to roughly 10 mEg. per L. An endotracheal tube fitted 
with an inflatable balloon was introduced into the tra- 
chea and connected either to a calibrated volume dis- 
placement ventilator (Etsten Ventilator) or to a Mine 
Safety “Pneophore.” Respiratory movements were in- 
hibited by the administration of gallamine triethiodide 
(Flaxedil®) so that respiratory exchange could be con- 
trolled by the ventilator. Plasma pCO, was decreased 
to approximately 20 mm. Hg by hyperventilation while 
the dogs were breathing 100 per cent oxygen. When 
pCO, had been steadily maintained for at least one hour 
and adequate urine flow (2.2 to 5.8 ml. per minute) 
achieved by constant infusion of isotonic mannitol or 
isotonic saline solution, plasma bicarbonate concentra- 
tion was progressively elevated by intravenous infusion 
of 0.142 to 0.535 M sodium bicarbonate to final values of 
approximately 35 to 45 mEq. per L. In most experi- 
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ments it was necessary to increase ventilation slightly in 
order to prevent the rise in CO, tension that usually 
followed the rapid infusion of sodium bicarbonate. In 
most experiments there was a progressive reduction in 
blood pressure as blood pH approached 7.9 to 8.0. This 
hypotension was often accompanied by a drop in urine 
flow, as well as by hemoglobinemia and hemoglobinuria, 
and collection periods in which both hypotension and 
reduction in urine flow occurred were excluded from 
the study. 

The clearance of exogenous creatinine was used as a 
measure of glomerular filtration rate. Urine was col- 
lected under mineral oil through an inlying catheter, and 
the bladder was emptied by manual compression at the 
beginning and at the end of each 10 minute collection pe- 
riod. Heparinized blood samples were drawn anaerobi- 
cally from the femoral artery. Plasma and urine were 
analyzed for creatinine by a modification of the method 
of Bonsnes and Taussky (4) and for total CO, by the 
manometric method of Van Slyke. Blood and urine pH 
were measured anaerobically at 37° C. with a syringe 
type Cambridge Research Model pH meter. In a few 
experiments pH was measured at room temperature, 
using a factor of 0.01 unit per degrees C. for the cor- 
rection to 37° C. Carbon dioxide tension in the blood 
and urine was calculated from the Henderson-Hasselbalch 
equation, using a pK’ for carbonic acid of 6.1 and a 
solubility factor equal to 0.0301 for plasma and 0.0309 for 
urine. Bicarbonate concentration was calculated as the 
difference between total CO, content and the dissolved 
carbon dioxide. Filtered bicarbonate was taken as the 
product of the filtration rate and the plasma bicarbonate 
concentration, corrected by a Donnan factor of 1.05. 


RESULTS 


Tables I through III show the data from three 


representative experiments. Plasma bicarbonate 
concentration was raised from initial levels of ap- 
proximately 10 mEq. per L. to final values of 45, 
39 and 35 mEq. per L., respectively. It is ap- 
parent that there was nearly complete reabsorption 
of bicarbonate during the initial periods when 
plasma bicarbonate concentration was 15 mEq. per 
L. or below. As plasma level was elevated to the 
range of 16 to 20 mEq. per L., frank bicarbonate 
excretion began and reabsorption promptly reached 


2197 





W. B. SCHWARTZ, G. LEMIEUX AND A. FALBRIARD 


TABLE I 


Effect of acute sustained respiratory alkalosis on bicarbonate reabsorption during progressive 
elevation of plasma bicarbonate levels* 








pCO: 


HCO; 


Hg 
11.0 Kg. 
NaCl 0.154 M at 7 cc./min. 


Dog breathing 100% O» 
NaHCO, 0.142 M at 7 cc./min. 


16 6.7 30.1 
17 10.6 32.4 


NaHCO, 0.240 M at 7 cc./min. 


17 13.3 34.2 
17 16.9 36.7 


NaHCO; 0.300 M at 7 cc./min. 


19 23.3 34.1 
21 29.2 33.1 


NaHCO; 0.350 M at 


33.5 
36.9 


NaHCO; 0.400 M at 7 cc./min. 
21 42. 30.1 
21 45. 29.3 


min. l./min, 


Dog No. 8, 
130 


mn 


mEq./L. 


7 cc./min, 
29.0 
30.7 


100-110 
110-120 


* Plasma bicarbonate values have been 
t Glomerular filtration rate. 
t Glomerular filtrate. 


a maximal constant rate of approximately 1.9 to 
2.0 mEq. per 100 cc. of glomerular filtrate. In 
the three experiments pCO, ranged between 16 and 
26 mm. Hg with an average value of approxi- 
mately 20 mm. Hg. 

The results of all 12 experiments are shown in 
Figure 1. On the abscissa is plasma bicarbonate 
concentration in milliequivalents per liter and on 
the ordinate bicarbonate reabsorption in mEq. per 
100 cc., glomerular filtrate (GF). It can be 
seen that at plasma levels of 5 to 15 mEq. per 
L. there was nearly complete reabsorption of 
bicarbonate. 

Frank excretion of bicarbonate usually began 
at plasma levels of 15 to 18 mEq. per L. At lev- 
els from 20 to 45 mEq. per L. reabsorption was 
virtually constant, averaging 1.9 mEq. per 100 cc. 
of glomerular filtrate. Variations in glomerular 
filtration rate during the course of the experiment 
were usually small and differed from the control 
values by no more than 20 per cent. 

Plasma carbon dioxide tension for each ex- 
perimental period is shown in the upper part of 


ml./min, 


HCO;- 





Urine 
flow 


Filtered Excreted Reabsorbed 





mEq./100 


mEq./min. pEgq./min, ml. GFt 


8.8 
9.3 


corrected by a Donnan factor of 1.05. 


Figure 1. The extreme values for carbon dioxide 
tension were 13 and 26 mm. Hg, but the majority 
of the points lay between 17 and 22 mm. Hg. 


DISCUSSION 


The data indicate that during acute reduction 
of pCO, to approximately 20 mm. Hg, bicarbonate 
reabsorption is depressed to a rate which is in- 
dependent of plasma bicarbonate concentration 
and which is essentially constant at an average 
value of 1.9 mEq. per 100 cc. of glomerular filtrate. 
In contrast, during acute respiratory acidosis the 
reabsorption of bicarbonate increases as a curvi- 
linear function of plasma concentration (3), sug- 
gesting that the transport limits imposed by ele- 
vation and reduction of carbon dioxide tension are 
different in nature. 

It is noteworthy that the reabsorptive pattern in 
acute respiratory alkalosis is similar to that of the 
normal, while the pattern in acute respiratory aci- 
dosis is analogous to that found with partial in- 
hibition of carbonic anhydrase (Figure 2). The 
finding of two different reabsorptive patterns 
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TABLE II 


Effect of acute sustained respiratory alkalosis on bicarbonate reabsorption during progressive 
elevation of plasma bicarbonate levels* 








Plasma HCO;- 
Urine 
Time pCO: HCO: GFR* flow Filtered Excreted Reabsorbed 











mEq./100 
ml, GF 


min, mm. Hg mEq./L. ml./min. ml./min, mEgq./min,. pwEgq./min. 
Dog No. 12, 17.0 Kg. 
-95 Dog breathing 100% Oz 
-65 Mannitol 50 Gm./L. at 7 cc./min. 
—2 Mannitol 20 Gm./L., NaHCO; 0.166 M at 7 cc./min. 


0-10 25 11.6 62.6 3. 0.73 
10-20 25 12.3 66.7 2. 0.82 
20-30 24 12.9 67.7 2. 0.87 
30-40 24 13.5 61.0 f. 0.82 


42 NaHCO; 0.238 M at 7 cc./min. 


45-55 23 15.6 71.6 
55-65 23 17.3 72.7 


67 NaHCO; 0.300 M at 7 cc./min. 


70-80 24 19.7 72.3 

80-90 24 21.5 86.6 
92 NaHCO; 0.380 M at 7 cc./min. 

95-105 23 23.1 86.4 

105-115 23 25.0 75.1 
117 NaHCO; 0.452 M at 7 cc./min. 


120-130 23 26.9 11.0 
130-140 23 28.8 71.3 


142 NaHCO; 0.535 M at 7 cc./min. 


145-155 31.3 69.9 
155-165 33.3 74.7 
165-175 35.4 70.0 
175-185 37.6 70.3 
185-195 39.4 67.5 





* See footnotes, Table I. 


TABLE Ill 


Effect of acute sustained respiratory alkalosis on bicarbonate reabsorption during progressive 
elevation of plasma bicarbonate levels* 











Plasma HCO;- 
Urine sntenaasonlsuilied 
Time pCOz HCO; GFR* fiow Filtered Excreted Reabsorbed 











mEq./100 
min mm. Hg mEq./L. ml./min. ml./min. mEq./min. pEg./min. ml, GF 


Dog No. 1, 16.4 Kg. 


-65 Dog breathing 100% Oz 
-30 Mannitol 50 Gm./L. at 7 cc./min. 


0-10 18 10.4 43.9 5.3 0.46 
10-20 . 17 10.8 44.0 5.6 0.48 


22 Mannitol 25 Gm./L., NaHCO; 0.166 M at 7 cc./min. 


40-50 19 14.6 43.6 ae 0.64 
50-60 17 16.1 49.3 6.4 0.79 


62 NaHCO; 0.238 M at 7 cc./min. 


80-90 18 22.2 50.8 
90-100 18 24.5 51.9 


120 NaHCO; 0.300 M at 7 cc./min. 


120-130 21 33.0 47.3 
130-140 21 35.2 44.5 





* See footnotes, Table I. 
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might be accounted for if it is assumed, as has 
previously been suggested, that bicarbonate reab- 
sorption takes place by means of a two step proc- 
ess involving a nonenzymatic and an enzymatic 
component, either of which can be rate-limiting 
(3,5). According to this view, hydrogen ion se- 
cretion occurs as a first step in the reabsorptive 
mechanism and takes place independently of the 
enzymatic process within the tubular cell (3). 
A second step involving the enzyme, carbonic an- 
hydrase, is concerned with the removal of hy- 
droxyl ion released in the cell by the hydrogen 
secretory process. The specific role of the en- 
zyme might be either to catalyze the reaction of 


CA 
OH- + CO, @ HCO,,, or alternatively to provide 
hydrogen ions for the neutralization of the OH- 


CA 
ions by the reaction H,O + CO, = H,CO,. 


40 


PLASMA 30 
pCOe ° ns "ogo o se «o a 
. "¢ Sad eo” oe to 
geo wh ° sa ‘ 


ve 


25 - 


HCO; REABS. 
mEq. /100 cc. GFR 


2.0- 


ue 7 Fe 
Fall a . by 
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It has been suggested that the constant rate of 
reabsorption seen in the normal may be the con- 
sequence of a fixed maximal rate of hydrogen ion 
secretion which is determined by the carbon diox- 
ide tension (perhaps through an effect on intra- 
cellular pH) (3). Thus, in the normal subject, 
this secretory step, rather than the enzymatic one, 
would be the slower of the two reactions leading to 
bicarbonate reabsorption and would be rate-limit- 
ing. The present study suggests that acute reduc- 
tion in pCO, simply depresses the rate of hydrogen 
ion secretion and, therefore, of bicarbonate reab- 
sorption to a new constant value. On the other 
hand, it has been postulated that, in acute respira- 
tory acidosis or with partial inhibition of carbonic 
anhydrase, the rate of hydrogen ion secretion is 
high relative to enzyme activity and that the enzy- 
matic step is rate-limiting. The evidence favoring 
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The values for plasma bicarbonate have been corrected by a Donnan factor of 1.05. 
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Fic. 2. DIAGRAM OF THE RELATIONSHIP BETWEEN PLASMA BICARBONATE 
CONCENTRATION AND REABSORPTIVE RATE WITH HiGH, NorRMAL AND Low 
PrasMA CarBon Diox1pE TENSIONS AND WITH PartTIAL INHIBITION OF 


CarBONIC ANHYDRASE 


this hypothesis has been discussed in detail else- 
where (3, 5). Regardless of these theoretical 
considerations, it seems clear that the pattern of 
the bicarbonate reabsorptive process may vary sig- 
nificantly under various experimental conditions. 


SUMMARY 


Renal reabsorption of bicarbonate was studied 
during acute, sustained respiratory alkalosis while 
plasma bicarbonate concentration was progres- 
sively elevated from approximately 10 mEq. per 
L. to final values ranging between 35 and 45 mEq. 
per L. With plasma carbon dioxide tensions of 
approximately 20 mm. Hg, reabsorption was de- 
pressed to an essentially constant rate averaging 
1.9 mEq. per 100 cc. of glomerular filtrate. These 
data suggest that in the patient with acute respira- 
tory alkalosis, as in the normal subject, carbon 
dioxide tension directly determines a fixed limit 
for bicarbonate reabsorption. This pattern con- 


trasts with that seen in acute respiratory acidosis 
and with partial inhibition of carbonic anhydrase, 
where reabsorption rises as a curvilinear function 
of plasma bicarbonate concentration. 
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The small bile ducts in the liver of a number 
of species are enmeshed by a vascular plexus, sup- 
plied largely by the hepatic artery (1-3). This 
peribiliary arterial plexus has been considered by 
some as evidence that the bile duct epithelia might 
play an important and active role in the secretion 
of bile, possibly even to the exclusion of the 
parenchymal cells (4, 5). In support of this 
view, it was reported that in the dog the dye 
sulfobromophthalein sodium (BSP) is removed 
more completely, and for longer periods of time, 
when infused into the hepatic artery than when it 
reaches the liver by way of the portal vein. Since 
the vascular pathways traversed are common for 
both routes of injection, except for the intercala- 
tion of the peribiliary plexus in the path of part 
of the arterial blood, this was the site where the 
extra BSP uptake was thought to take place (6). 
By way of interpretation the possibility was sug- 
gested that BSP is preferentially excreted into bile 
when taken up by the tissues supplied by this 
plexus, i.e., by the smaller bile ducts. 

No direct test of this hypothesis was undertaken, 
however. With the availability of S**-labeled 
BSP (7) the possibility suggested itself of using 
this material in conjunction with nonradioactive 
BSP to trace quantitatively two simultaneous BSP 
injections from two injection sites—portal vein 
and hepatic artery, for example—into bile, and 
thus to subject the concept of preferential biliary 
excretion of intra-arterially administered BSP 
to a critical test. 

To validate the results of any such experiments 
requires some further analysis of the qualitative 
pattern of BSP excretion into bile and of the de- 
gree to which this might vary with the route by 
which the dye reaches the liver, as well as of the 


* The opinions and assertions contained in this re- 
port are the private ones of the writers and are not to 
be construed as official or reflecting the views of the 
Navy Department or the Naval Service at large. 


efficiency with which the dye is removed from 
arterial and from portal venous blood by the liver 
in vivo. 

The present communication will deal with each 
of these subjects in turn, presenting validating bile 
secretion studies first, then the simultaneous in- 
jection experiments, and finally the extraction 
efficiency measurements and related studies deal- 
ing with the problem of obtaining representative 
hepatic vein samples. 


METHODS 


The experiments were carried out on female mongrel 
dogs, 9.5 to 15.0 Kg., which had been maintained in the 
laboratory on commercial canned dog food for at least 
six weeks. They were free of acute disease, and histo- 
pathological examination showed the livers of all animals 
used in these experiments to be free of significant ab- 
normalities. Intravenous sodium pentobarbital anes- 
thesia was employed throughout, respiratory rates being 
maintained between 14 and 20 per minute. Rectal tem- 
peratures were maintained above 35.5° C., if necessary, 
by the use of hot pads; in any one animal rectal tem- 
perature fluctuations did not exceed a range of 2.5° C. 

Injections were made through polyethylene catheters, 
ending in 24 gage needles which were inserted into the 
gastrohepatic artery, 3 to 5 cm. proximal to the branching- 
off of the hilar hepatic arteries, and also into the portal 
vein, either just cephalad of the confluence of common 
intestinal and mesenteric veins, or at the junction of 
portal and gastrosplenic veins. These catheters were in- 
serted at laparotomy, and brought to the body surface 
through the incision wound which was then closed by 
a single line of sutures. Catheter positions were re- 
checked at autopsy after the completion of each ex- 
periment. The possibility that dye injected via the he- 
patic artery might not reach the liver directly but be 
partially washed into the right gastric branches of the 
gastrohepatic artery was eliminated by careful placing 
of the arterial catheter and by an open loop placed 
around the gastric branch and tightened for ten seconds 
during and after the injections. 

Blood samples were obtained from the femoral artery 
by direct puncture, and from the portal vein 3 cm. 
cephalad of the injection site through an additional 
polyethylene catheter. In addition, radiopaque catheters 
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were guided fluoroscopically to the following positions: 
a) vena cava, the tip being placed either 5 cm. cephalad, 
or 3 cm. caudad of its entry into the thorax above the 
dome of the diaphragm; b) hepatic vein, either one 
sampling catheter with its collecting tip 2 cm. cephalad 
of the point of wedging either in the right lateral lobe 
only, or two catheters with their tips placed in analagous 
positions in two hepatic veins in different lobes. Ca- 
theter sizes used were No. 10 in the vena cava, and No. 6 
or (in the majority of experiments) No. 8 in the hepatic 
vein. 

Blood samples from these catheters were withdrawn 
using a spring return plunger type of syringe equipped 
with directional ball valves (B-D Cornwall Pipetting 
Unit). This allowed collection of numerous 0.5 ml. sam- 
ples at a rate of up to one sample per second from each 
catheter. The total dead space of each catheter together 
with its collection assembly was determined and found 
to be less than 1.5 ml. in every case. Mixing of samples 
in the system was negligible as shown by the sample 
concentration curves obtained on abruptly transferring 
the catheters from one to another solution of different 
composition, analyzing the catheter samples, and cor- 
recting for dead space lag. 

Bile was collected into graduated centrifuge tubes 
from a plastic catheter inserted into the common bile 
duct after cholecystectomy. This catheter was placed at 
the same time as the injection catheters, brought out 
through the laparotomy wound, and placed so that the 
catheter opened into the collecting tubes at a level 2 
cm. above the common duct. 

Sodium phenoltetrabromphthalein disulfonate (BSP) 
was labeled with S® in the sulfonic acid groups (7).1 


* The authors are indebted to Dr. H. Brown Dunning, 
Jr., of Hynson, Westcott and Dunning, Inc., for making 
available the phenoltetrabromphthalein used in the syn- 
thesis of the labeled dye. 
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Colorimetric analyses for BSP in bile and blood plasma 
were carried out at 580 my. using the sample prepara- 
tion and standardization methods previously described 
(8). S* content was determined using air dried samples 
plated on tissue paper covered planchets in essentially 
infinite layer geometry in conjunction with a thin end- 
window Geiger-Miiller detector. Standardization against 
known amounts of S*BSP added to isotope-free samples 
of blood or bile, and details of the counting procedure 
have been reported elsewhere (8). All BSP analyses are 
recorded as milligrams of injected BSP equivalent to the 
optical density at 580 myu.. or to the amount of S™ de- 
tected in 1 ml. of sample. 

P*-labeled chromic phosphate colloid? prepared ac- 
cording to the method of Dobson and Jones (9), was 
handled for injection or analysis using the precautions 
described by Brauer, Leong, McElroy and Holloway 
(10) ; blood radioactivity due to this substance was de- 
termined on air dried planchets, using an end-window 
Geiger-Miiller counter and is expressed as percentage of 
injected dose per milliliter of sample. 

I-labeled human serum albumin (IHSA), free of 
dialyzable radioactivity, was diluted for injection and 
analysis so that total protein concentrations did not fall 
below 1 per cent at any time. In these experiments 
IHSA was employed in combination with S*BSP or 
with P® CrPO, colloid as an internal standard to allow 
hepatic extraction efficiency determinations for these 
substances without obtaining unmixed representative he- 
patic vein blood samples. Tiie two conditions underlying 
this use are: a) IHSA does not leave the vascular tree 
in amounts exceeding 1 per cent of the total injected 
during a single passage through the liver; this assump- 
tion has been tested and confirmed (11). 6) The sole 
source of variable I™ and S*® or P™ content in the blood 
samples must be the injected isotope mixture; this con- 
dition requires elimination of recirculation and appropri- 
ate intervals between tests to allow removal of test 
substances from the blood stream. Both conditions are 
readily met (see Results, Figure 4). 

Analysis of samples containing the isotope mixtures is 
designed primarily to determine S*/I™ or P"/I™ ratios. 
It entails radio-assay of two aliquots for each sample, 
using dry planchet and end-window detector (as described 
ebove for BSP and CrPO, assay) for one aliquot, and 
a wet 2 ml. sample in a well-type scintillation counter for 
the second. Since the ratios of response of the two 
detector systems are different for the y-emitting I and 
for each of the two 8 emittcrs, the isotope ratio in an un- 
known containing the pair I™-S" or I’-P™ can be 
computed from the ratio of the count rates on the two 
detectors for “unknown” and for the unmixed isotopes by 
the use of the appropriate simultaneous equations (for 
formula used see Appendix: a). Analysis of the solu- 
tion of such a system of equations shows that the effect 


2 The authors are indebted to Dr. E. L. Dobson, Don- 
ner Laboratory, University of California, Berkeley, 
Calif., for making available the CrPO, radiocolloid used 
in this work. 
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of uncertainties in count rate determination upon the 
calculated isotope ratio is a function of this ratio itself 
(see Appendix: a) as shown in Figure 1. For the system 
here employed the probable ‘errors were +7 per cent for 
S*/I™ and + 15 per cent for P*/I™ ratios in blood sam- 
pies, and + 2 and + 4 per cent for the same ratios in the 
injection standards (see Appendix: a). Once these ra- 
tios are known in the appropriate blood samples and in 
the injection mass, the extraction efficiency, e, can be cal- 
culated as the fraction of test substance removed from 
the blood in one passage through the liver using the 
relations : 


(S*/I 1) ay. v. 


S* nop v. 
o (S/T) ory. wr, 


Sass. bh. 


énsp = 1 


where hep.v. refers to representative samples of hepatic 
venous blood, and aff.bl. refers to the corresponding af- 
ferent blood stream. If sampling is completed before 
recirculation takes place, (S*/I™).arr.v1. is identical with 
(S*/I™) injectea, and the final relations are: 


(S*/133") pep. ». 
nar = 1 — RT icteete 
and a corresponding form for CrPQ,. 

General plan of experiments. The following in brief 
is the plan of experimentation to be presented. 

1. Experiments were performed to ascertain whether 
BSP reaching the liver by way of the hepatic artery is 
excreted into bile at a rate different from BSP introduced 
into the portal vein. These include: a) single injections 
of BSP into either afferent vessel to determine whether 
the route of injection affects the composition or the spe- 
cific activity of the complex of BSP derivatives recov- 
ered from bile; b) simultaneous injections of 5”*-labeled 
BSP into one, and nonradioactive BSP into the other, 
afferent vessel followed by an appropriate period of bile 
collection, a second injection pair in which radioactive 
and nonradioactive injections are reversed and, finally, a 
second bile collection period. 

2. Hepatic extraction efficiency for BSP delivered into 
either afferent vessel was determined. a) Attempts were 
made to accomplish this by hepatic vein catheterization. 
b) LHSA was used as an internal standard to allow analy- 
sis of the vena cava sample. This entails validation of the 
method and analysis of the catheterization artifact by the 
use of CrPO, colloid as test substance and application of 
the method to the BSP problem. 


RESULTS 
Single BS**P injections 


About 0.5 mg. per Kg. was administered al- 
ternately into portal vein or hepatic artery of suc- 
cessive dogs, and bile collected in 15 minute por- 
tions until no further BSP color could be detected 


in two successive samples. A second injection 
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of the same amount of BS**P was then adminis- 
tered into the afferent hepatic vessel not injected 
the first time, and another series of bile samples 
was collected. The general time course of BSP 
secretion is such that maximal dye concentrations 
in the bile are reached in 30 to 50 minutes; BSP 
concentrations fall off thereafter at such a rate that 
at the end of two hours no BSP color is detectable 
in the bile; S* activity persists somewhat longer 
at a low level. As illustrated in Figure 2, the 
color/activity ratios for any one injection assume 
a constant level in the bile almost as soon as dye 
can be detected, and do not deviate from this value 
until 60 to 70 per cent of the injected S** has been 
eliminated, and color due to the dye has become all 
but undetectable in the bile. The S* excretion 
rate-at this point has become very slow, less than 
2 per cent of the peak value, and continues to de- 
crease with a half-time of about one hour. 

Table I summarizes the results of the series of 
successive injections. As previously observed in 
continuous infusion experiments (8), the ratio of 
S*BSP to BSP color in bile varies considerably 
from dog to dog but appears to be quite constant 
for any one dog regardless of route of administra- 
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Both the percentage of injected S* accumulated in bile 
(bottom abscissa) and the duration of bile collection 
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TABLE I 


Effect of route of injection on secretion of S* into bile 








Peak of BSP* secretion into bile 


Total bile 








Injection 

route 
Dog and Bile 
No. sequence flow 


$6 BSP 
conc. 


S** BSP 
excretion 





S** BSP 
BSP color 


Collec- Ss 
tion recov- 
period ered 


S** BSP 
BSP color 





ul./min. 
HAT 42 
PV 60 


56-13 PV 53 
HA 63 


56-14 HA 38 
PV 60 


56-15 PV 36 
HA 45 


Gm.jL. 
1.13 
0.88 


0.93 
0.80 


0.89 
1.03 


56-12 


1.15 
0.96 


Mean HA 48 
values PV 50 


Mean 


values 


0.95 
0.99 


1.13 
0.90 


ist injection 42 
2nd injection 58 


ueg./min. 
47.4 
52.7 


49.4 
52.4 


33.4 
61.8 


40.5 
43.2 


44.1 
48.3 


42.8 
50.2 


min. % ie 
0.97 320 70.2 
1.00 260 67.8 


1.17 230 79.8 
1.26 240 81.7 


0.97 250 68.2 
1.01 190 69.3 


1.13 215 74.6 
1.26 230 79.5 


1.12 256 74.7 
1.10 253 72.3 


1.07 264 73.2 
1.16 240 74.6 


1.04 
1.15 


1.34 
1.47 


0.97 
1.02 


1.27 
1.43 


1.25 
1.22 


1.16 
1.28 





* Sulfobromophthalein sodium. 
7} HA = hepatic artery; PV = portal vein. 


tion. On averaging separately the results after 
intraportal BSP administration and those after 
intra-arterial administration, comparison shows 
that route of injection does not affect the S**BSP/ 
BSP color ratios significantly, either in bile col- 
lected at the peak of BSP secretion, or in the 
accumulated total bile. The values are universally 
slightly higher for the accumulated bile samples 
because of the inclusion of some residual S** ex- 
cretion with little or no color equivalent. Abso- 
lute excretion rates are slightly higher for BSP 
injected into the portal vein than for that injected 
into the hepatic artery. 

Differences between the group of first injections 
and the group of second injections are consider- 
ably larger than those between portal vein and 
hepatic artery injections. The rate of bile secre- 
tion itself is faster at the time of the second BSP 
peak than at the corresponding point after the 
first injection. This correlates with slightly higher 
rectal temperatures (+ 0.6°C. average) and re- 
spiratory rates (+20 per cent average). The 
peak BSP secretion rate is increased less than the 
bile flow rate. The S**BSP/BSP color ratio ap- 
pears to be slightly higher—about 8 per cent av- 
erage for the peak of BSP secretion, 10 per cent 
for the accumulated bile—for the series of second 
injections than for the series of first injections. 


Simultaneous injections 


On the basis of these results, simultaneous in- 
jection experiments to establish the relative se- 
cretion rates of identical doses of BSP delivered 
via hepatic artery and via portal vein must provide 
for determination of specific activity/color ratios 
for excreted BS**P for each dog and, in addition, 
by alternation of injection routes between dogs, 
allow elimination of any small effects due to the 
order of injections. The design adopted to meet 
these requirements can be represented sche- 
matically as follows: 

Dog ee 
No. No. 


1 1 
1 2 
2 3 
2 4 


Nonradioactive 
BSP into 


portal vein 
hepatic artery 
hepatic artery 
portal vein 


S*BSP into 
hepatic artery 
portal vein 
portal vein 
hepatic artery 
This scheme is to be replicated for successive pairs 
of dogs. The four individual doses of BSP mak- 
ing up the two injection pairs given to one dog 
were chemically equivalent; doses ranged from 
0.30 to 0.37 mg. per Kg. for different dogs. Af- 
ter each first injection pair 180 minutes was al- 
lowed for completion of the dye excretion before 
the second injections were administered. 

Figure 3 shows a typical set of results, and il- 
lustrates the method of deriving the activity/color 
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ratio for one animal. The basic graph represents 
rate of accumulation of S*® equivalent BSP as a 
function of accumulation of BSP color in the bile. 
In every case this plot yielded a straight line for 
each injection pair, with a slight upward hook 
near that point where BSP color excretion be- 
comes vanishingly small while S** excretion still 
continues at a slow rate (see Figure 2). Thus, 
“portal vein BSP” and “hepatic artery BSP” ® 
are found to be excreted in constant proportion as 
long as BSP color excretion continues. If this 
proportion were known, the activity/color ratio 
in bile BSP could be determined directly from the 
slope of the curve for each injection pair; or con- 
versely, if the color/activity ratio were known, the 
excretion rate ratio could be read off in the same 
fashion. Actually, however, both values are un- 
known, and a second complementary injection pair 
is needed to obtain the information necessary for 
further calculations. In terms of BSP color, the 
two injection pairs do not differ, and each value 
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Fic. 3. Prot Usep rn CALCULATION OF CHARACTERISTIC 
S*BSP Cotor RATIO 


Dog 57-14, a reciprocal paired injection experiment; 
see text for description. 


8 Actually, the distribution of “portal vein-injected 
BSP” in the liver is not exclusively to the hypothetical 
regions tributary to the portal vein because of incomplete 
uptake on the first passage and partial recirculation by 
way of the hepatic artery. A similar statement applies 
to “hepatic artery BSP.” The actual relations can be 
calculated only after determination of single passage 
extraction efficiency (see below and Discussion). It is 
then found that “portal vein BSP” is actually 85 per 
cent portal vein and 15 per cent hepatic artery distrib- 
uted and “hepatic artery BSP” is 65 per cent hepatic ar- 
tery and 35 per cent portal vein distributed. With this 
usage restriction, however, the remainder of the argu- 
ment can stand unaltered. 
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lic. 4. 
AS A 


ACCUMULATION OF PorTAL VEIN-DeRIvED BSP 
Hepatic ArtTERY-DerIvep BSP IN 
Parrep INJECTION EXPERIMENTS 


/ FUNCTION OF 
RECIPROCAL 

Diagonal HA=PV represents equal secretion rates. 
of accumulated bile BSP color on the abscissa of 
Figure 3 defines corresponding stages of BSP 
excretion for either injection pair. 

Since, however, the S**BSP was injected first 
into one and then into the other afferent vessel, 
number representing accumulated BSP 
color in the bile corresponds to two numbers, 
representing S**BSP accumulated in bile after 


ev er) 


intraportal and intra-arterial S** injection, re- 
spectively. Then, adding together the two S*BSP 
values, corresponding to one BSP color value, 
yields the total amount of S*° which is equivalent 
to the total color excreted, and the ratio of these 
two values is the S**BSP/BSP color ratio for the 
particular dog under study. The only assumption 
entailed in this calculation is that activity/color 
ratios must be independent of the route of injec- 
this point has already been established by 
the results shown in Table I. Thus, the slope of 
the summated S*BSP line (HA + PV of Figure 
3) is a true measure of the desired activity /color 


tion ; 


ratio 

Once this number is known for a particular dog, 
S*°BSP concentrations in bile can be converted to 
BSP color equivalents ; by subtracting these from 





HEPATIC ARTERY VERSUS PORTAL VEIN BLOOD SUPPLY 


the total BSP color one can calculate separately 
the contribution to the total bile BSP color made 
by each of the two injections constituting either 
injection pair. 

The results of such calculations for a series of 
six dogs are presented in Table II which deals 
with the peak of BSP excretion, and in Figure 4 
which traces the course of BSP elimination from 
its beginning until the rate of excretion dies away. 
In five out of six experiments, BSP injected into 
the portal vein accounted for a greater portion of 
the dye secreted into bile than an equivalent dose 
placed simultaneously in the hepatic artery; in the 
sixth experiment, the two doses were eliminated 
at substantially the same rate (Table II, last col- 
umn). There is a difference between secretion 
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Fic. 5. DEMONSTRATION OF HEPATIC VEIN CATHETERI- 
ZATION ARTIFACT 


Injection routes indicated for BS*P and for BSP; 
HA = hepatic artery, PV =portal vein. Ordinate rep- 
resents relative BS*P concentrations in blood from the 
following: FA = femoral artery, HV = hepatic vein; the 
numbers 1 and 2 refer to catheter locations in right and 
in left lateral lobes, respectively. Multipore needles used 
for injections. (See text). 
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rates at the time of the first and second excretion 
peaks; as before, bile flow and BSP secretion 
rates are slightly higher at the time of the sec- 
ond peak. If the experiments are divided into two 
groups, according to whether the S*BSP was 
first injected into the hepatic artery or into the 
portal vein, it is found that the factor of order of 
injections does not modify the conclusions ; the ra- 
tio of portal vein BSP to hepatic artery BSP in 
bile at the time of peak secretion is 8 per cent 
lower for the “artery first” group, slightly less 
than would be expected on the basis of the S**- 
BSP/BSP color ratio differences due to injec- 
tion order found in Table I. However, even 
where this factor would tend to give erroneously 
low portal vein BSP/hepatic artery BSP ratios, 
the results still favor the portal vein by almost 20 
per cent (Table II, bottom section, also Appendix : 
b). 

In Figure 4 the accumulation in bile of portal 
vein-injected BSP is plotted as a function of he- 
patic artery-injected BSP accumulation. Each 
injection pair is represented by four points ap- 
proximately equally spaced between beginning and 
end of bile collection. The diagonal is the locus 
of points representing equality between the two 
routes of injection; points below this line imply 
preferential excretion of BSP injected into the 
artery, points above imply preferential excretion 
for BSP injected into the portal vein. The re- 
sults clearly fail to indicate any special role of 
the hepatic artery in relation to BSP secretion; on 
the contrary, it appears that the portal vein dis- 
tribues the dye to a region whence it is secreted 
somewhat more effectively than if it were dis- 
tributed to the liver by way of the hepatic artery. 


Extraction efficiencies 


To establish whether such differences exist in 
dye removal from the blood as might prohibit the 
application of the biliary excretion results to a 
discussion of the postulated secretory function of 
the peribiliary arterial plexus, an attempt was 
made to estimate BSP extraction efficiencies by 
the use of hepatic vein catheterization. 
if rapidly collected series of blood samples were 
obtained not only from the hepatic vein catheters, 


However, 


but also from vena cava or femoral artery, re- 
sults typified by Figure 5 were regularly obtained : 
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TABLE II 


Effect of route of injection on secretion of BSP into biie; simultaneous injection experiments 








Dog No., 
wt.in Kg. 
Dose: wg./Kg. 


Route Bile 
of S* flow 
injected rate 


BSP from BSP from 
hepatic portal 
artery vein 


Portal vein 
Hepatic artery BSP 








pl./min. 
56-3 PV 80 
12.0 
0.33 120 


56-4 60 
9.1 
0.33 110 


56-11 80 
10.2 
0.37 


56-14 
12.8 
0.30 


56-15 
12.5 
0.34 


58-1 
10.0 
0.33 PV 


Mean 
23.8 
0.33 


Mean 
23.3 
0.34 


Ist injection 
2nd injection 
“Artery first”’ 

dose 
Mean 


24.3 
0.32 


“Portal vein 
first’’ dose 


if the S**-labeled dye had been injected into the 
hepatic artery, one obtained the expected pattern 
in which the hepatic vein samples showed the 
earliest appearance of the dye and the highest 
BSP concentrations (Figure 5A). If the site of 
injection had been the portal vein, the hepatic 
vein catheter samples did not show high BSP 
concentrations until after the peripheral circulation 
samples, and even then hepatic vein BSP con- 
centrations were less than peripheral ones, in a 
manner which would be expected if the BSP had 
reached the liver only by way of the peripheral 
circulation in the first place (Figure 5B). 

This peculiar failure of the hepatic vein cathe- 
ters to “see” portal vein injected BSP could be 
due either to a large portacaval bypass—unlikely 
in the normal dog—or to a circulatory adjust- 
ment within the liver, shunting blood away from 
the zone sampled by an intravenous catheter. A 


ue./min. 


60.5 1.1 


ug./min. 

55.0 

76.4 93.0 1.3 

22.2 44.5 2.0 
31.8 58.3 1.7 
51.2 67.0 1.4 
70.4 82.5 1.2 
30.5 32.2 1.1 
46.0 
117.0 


96.0 


50.2 1.1 
120.0 1.0 
89.5 


44.2 46.5 


39.2 46.3 


53.3 61.7 
70.0 


46.3 


third possibility, ascribing the effect to streamlined 
flow in the portal vein, was rendered highly im- 
probable by two observations: a) if instead of the 
open ended needle, a sealed needle with multiple 
minute lateral holes were used for injection, the 
injection mass entered the portal vein in the form 
of minute jets at right angles to the line of flow, 
so that distribution throughout the portal blood 
stream should at the least have been much im- 
proved; yet the analytical results obtained by 
this procedure did not differ from those described 
for the open needle injections. 6b) Seven experi- 
ments were carried out in which two catheters 
were introduced into hepatic veins of lobes to the 
right and to the left of the Cantlie-Sérégé plane, 
in addition to placing sampling catheters in the 
vena cava just above the diaphragm, and in the 
femoral artery. A total of nine injections of S* 
BSP, and three injections of T1824 were adminis- 
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tered by the intraportal route in these animals. 
In every case the peak concentrations of dye at- 
tained in both hepatic veins were substanially 
lower than those found in the vena cava or femoral 
artery samples in the manner shown in Figure 5B; 
the time of appearance of the dyes in the several 
sites also differed significantly, the hepatic vein 
sample series being delayed by about 15 seconds 
relative to the femoral artery samples, and by about 
24 seconds relative to the vena cava sample series. 
Similar anomalies were not observed with hepatic 
artery injections. It would have to be a rather 
extraordinary coincidence if in every one of these 
experiments streamlining of portal flow would be 
such as to bypass two sampling sites in the two 
liver moieties, unless one accepts (as we do) the 
conclusion that the presence of a catheter in the 
hepatic vein tends to minimize portal flow through 
the tissue elements in the immediate vicinity of 
the catheter tip. 

To obviate these sampling difficulties, IHSA 
was used as an internal standard so that, prior 
to recirculation, vena cava blood samples could 
be used for determination of the fraction of BSP 
removed from blood in one passage through the 
liver by the application of the analytical and com- 
putational methods described (see Methods, and 
Appendix: a). A typical experiment is illus- 
trated by Figure 6: a mixture of IHSA and test 
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Graph used in calculation of extraction efficiency for 
BSP for portal vein-injected BS*P in Dog 57-25; see 
text for description. 
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TABLE III 


Effect of route of injection on extraction of CrPO, from 
blood in one passage through the liver 








CrPO, extracted 
in one passage 


Route of 
injection 





% 
HA 81.6 
PV 88.2 
PV 76.4 
HA 89.1 


PV 
HA 


“sh 


HA 
PV 
PV 
HA 


“I 00 s1'5 aun 
G0 0 ¢ wWroomo mr 
Uno CoW~o > ~~ 


i aa) 
oo Oo Oo 


78.5+13.1 
75.511.2 


substance (S**BSP in this case) is injected into 
the vessel chosen for study at an approximately 
constant rate over 15 seconds, Beginning at the 
same time as the injection, multiple sequential 
blood samples are drawn from the inferior vena 
cava just above the diaphragm, and are analyzed 
as described in Methods. The results, expressed 
as S**/I*5! ratios, are plotted in Figure 6. 

The blood carrying the injected tracer mixture 
begins to arrive at the venous catheter six to eight 
seconds after the start of the injection. S**/I** 
ratios remain substantially constant from this point 
on until blood begins to arrive which has recircu- 
lated once more through the liver. This point is 
marked by a sharp decrease of S**/I** ratios 
which thenceforth continue to decrease in an 
approximately exponential fashion. The S**/I** 
ratio during the single passage plateau period is 
the value from which extraction efficiency of the 
liver for the test substance—BSP in this case— 
is calculated by comparison with the corresponding 
ratio in the injection mass. 

Table III presents the results of a series of de- 
terminations, by this procedure, of CrPO, colloid 
extraction efficiency as a function of the route of 
injection. Although extraction efficiencies in 
general fall into the range of 70 to 90 per cent, 
it may be noted that an occasional dog may show 
consistently lower extraction efficiencies. The 
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TABLE IV 


Effeci of route of injection on extraction ! BSP from 
blood in one passage through the liver 


S** extracted 
in one passage 
through the liver 


Route of 


Dog injection 


o7 
© 


HA 5 
PV 51 


PV 63 
HA 71 


P\ 46 
HA 49 
PV 46 
HA 46 
PV 50 


PY 36 
HA 36 
PV 35 


HA 52.0+8.1 
PV 47.2+4.2 


Mean values 


route of CrPO, administration does not affect the 
efficiency with which this substance is removed 
from the blood stream in passage to the vena cava. 
Hence it may be concluded that a major vascu- 
lar bypass between portal vein and vena cava or 
systemic circulation did not exist in these dogs. 
The results of a series of measurements of BSP 
extraction efficiency are contained in Table IV. 
In three out of five dogs the hepatic arterial route 
of injection led to slightly higher efficiency of BSP 
extraction than the portal venous route; in one 
dog the reverse was seen; no differences were 
found in the fifth animal. These studies, there- 
fore, lend some support to previous work indi- 
cating slightly greater BSP extraction from he- 
patic arterial blood (6). The difference is hardly 
significant, however, (p > 0.1), and in its appli- 
cation to the biliary secretion data would serve 
only to reinforce the conclusion that BSP, taken 
up by the those regions of the liver supplied with 
hepatic arterial blood primarily, is not excreted in 
preference to portal vein-distributed BSP. 


DISCUSSION 


In recent years, several problems connected with 
the functional anatomy of the liver have been re- 
vived by workers attempting to reconcile the re- 
sults of morphologic and of physiologic experimen- 
tation. One of these problems has been raised by 
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the description of the extensive vascular and lym- 
phatic plexus enmeshing the bile ducts (1-3). 
The functional significance of this structure has 
given rise to a good deal of speculation concern- 
ing the possible secretory importance of the smaller 
bile ducts (12, 13). Since this plexus is supplied 
by the hepatic artery and represents the only vas- 
cular element not traversed to an equal extent by 
blood from portal vein and from hepatic artery, 
experimental approaches have dwelt on differ- 
ences in the handling of substances reaching the 
liver by one or the other of these vascular routes. 

BSP in particular has been examined from 
this point of view, and differences have been de- 
scribed in the persistence of the ability of the liver 
to remove this substance from the two afferent 
blood streams, the hepatic arterial route presum- 
ably showing satisfactory extraction for longer 
periods of time than the portal route (6). Un- 
fortunately, at the time of these experiments it 
had not yet been recognized that BSP is not ex- 
creted as such in the bile (14) and that after pro- 
longed BSP infusions the proportion of BSP 
proper in the blood stream is actually quite small 
(15, 16). Differences in BSP handling under 
these conditions are not readily interpretable, es- 
pecially since it is clear that what ever other func- 
tions it may subserve, the peribiliary vascular 
plexus must be the site where considerable dif- 
fusional exchange between blood and bile con- 
stituents takes place (17). 

In testing the thesis that an excretory function 
is served by the peribiliary arterial plexus, there- 
fore, it now appeared essential to design experi- 
ments that would provide direct intercomparison 
of the actual rate of secretion into bile of BSP 
taken up as such from either the hepatic artery 
or the portal vein. This design, embodying bile 
analyses of necessity, has the further advantage 
that the high degree of concentration of BSP in 
the bile allows the use of such small doses of the 
dye that quite high extraction efficiencies—and 
consequently quite selective distribution along 
the vascular pathway—could be anticipated. 

In applying isotopically-labeled BSP to such ex- 
periments as a tracer for one of two simultaneous 
streams of dye, its conversion to a whole family of 
optically indistinguishable dyes of varying color 
to radioactivity ratios poses a special problem 
(8). It was demonstrated in the present series of 
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experiments that the route of injection does not 
measurably affect this ratio, so that no bias is in- 
troduced into the analyses from this source. A 
possible small difference between successive in- 
jections in the same animal was recognized but 
could be eliminated by proper alternation of in- 
jection routes. 

On this basis the key experiment of the present 
series is that represented by Table II and Figure 4, 
comparing the rates of secretion into bile of equal 
doses of BSP simultaneously reaching the liver 
of the same animal by way of either portal vein 
or hepatic artery. The experimental results do 
not under any circumstances admit of the inter- 
pretation that BSP injected into the hepatic artery 
is preferentially excreted. There is an indication, 
on the contrary, that the portal venous route af- 
fords a small but quite consistent advantage— 
BSP injected by this route being eliminated about 
15 to 20 per cent faster at the time of peak BSP 
elimination. 

The significance of this observation for the 
assessment of the functional role of the hepatic 
artery depends upon the additional information 
presented in Table IV concerning hepatic extrac- 
tion efficiencies for BSP. The fact that these are 
either route independent, or that the hepatic ar- 
terial flow is somewhat more completely cleared of 
BSP—this in line with previous observations (6) 
—justified the conclusion that the vascular re- 
gion supplied by the hepatic artery is not peculi- 
arly active in transferring BSP from blood to bile. 
This would appear to remove any present justifi- 
cation from the postulate that the structures sup- 
plied by the peribiliary plexus (notably the smaller 
bile ducts) are endowed with any specific func- 
tional importance with regard to bile secretion. 
The present evidence does not, of course, bear 
upon a possible role of the structures in this region 
in the resorption of various components from bile 
in progress through the biliary tree. 

Knowledge of the first passage extraction effi- 
ciencies for BSP allows an estimate of the actual 
distribution of BSP among vascular regions, pro- 
vided one can estimate the relative blood flow 
rates through the two major vessels. A reason- 
able (and conservative) relation applicable to the 
present conditions would appear to be somewhere 
between 1/3 and 1/5 for the ratio hepatic arterial/ 
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portal venous flow (18-22) ; together with an ini- 
tial extraction efficiency of 50 per cent this would 
lead to eventual distribution of BSP between the 
two vascular regions of 85/15 for the case of intra- 
portal, and 35/65 for the case of intra-arterial in- 
jection. Thus, distribution differences would ap- 
pear large enough to reveal any real differences in 
excretory activity. 

There is not, at present, any explanation for the 
faster excretion into bile of portal vein-carried 
BSP suggested by Table II and Figure 4. One 
would be inclined to seek for explanations either 
in differences in mean oxygen tensions obtaining 
in regions receiving blood from the one or the 
other source, or in peculiarities of the sinusoidal 
circulation. An attempt was made to test this al- 
ternative by carrying out experiments analogous to 
the ones here reported under total oxygen tensions 
of 3.4 atmospheres resulting in “arterialization” of 
all circulating blood. The results suggested that 
oxygenation does not affect the excretory relations 
depicted in Figure 4; interpretation of these ex- 
periments, however, is rendered less than satis- 
factory by simultaneously occurring changes in 
respiratory movements and in rectal temperatures, 
both of which may have a bearing on bile flow 
and bile secretion. 

Finally, attention may be called briefly to the 
results epitomized by Figure 5 and Table IV con- 
firming in dogs under the experimental conditions 
of the present series the existence of a catheteriza- 
tion artifact as reported by Sapirstein and Rein- 
inger (23), and lending support to their general 
interpretation of the nature of this phenomenon. 
The present authors feel that a special reflex vaso- 
constriction is not required for interpretation of 
these observations but that the plasticity of blood 
flow distribution in the sinusoidal bed alone suf- 
fices to account for the deflection of portal flow 
away from a catheterized region. If borne out, 
this interpretation would assign to the hepatic ar- 
terial circulation a new role as an emergency sup- 
ply to regions of the hepatic parenchyma, the cir- 
culation of which has been mildly compromised. 
Such a role could become of prime importance 
in the early stages of the development of liver in- 


jury by preventing the establishment of the vicious 


circle of liver disease envisioned by Himsworth 


(24). 
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As applied to hepatic vein sampling, the pres- 
ent results suggest that even if one encounters a 
catheterization artifact, in the normal liver at least, 
this is not important in BSP or CrPO, studies 
unless one specifically desires to discriminate be- 
tween hepatic artery and portal vein as injection 
routes. Thus, if the test substances are injected 
into the peripheral circulation of such animals in 
such a way that they reach portal vein and hepatic 
artery in the same concentrations, the lack of dif- 
ference between the efficiency of BSP or CrPO, 
removal from either blood stream implies that 
hepatic catheterization ought to yield meaningful 
results. 

In the present case, of course, these assumptions 
could not be made a priori but, on the contrary, 
their verification was the object of the experi- 
ments. The use of an internal standard which 
allows sampling vena cava blood above the liver, 
in lieu of hepatic vein blood, was shown to obviate 
these difficulties and appears to be satisfactory for 
wider application whenever plasma protein flux 
across the hepatic tree is not excessive. It might 
be mentioned in passing that the limitations of this 
procedure are such that clear discrimination of 
first passage and recirculation phases becomes 
difficult unless samples are drawn close to the point 
of admixture of hepatic vein and vena cava blood 
streams. 

The series of experiments here reported then, 
leads to the ivlicwing conclusions. 1) A special 
role of the peribiliary arterial plexus in the secre- 
tion of BSP into bile could not be demonstrated. 
It is suggested instead that this plexus and its ad- 
jacent structures contribute to the modification of 
bile composition by exchange of certain constitu- 
ents among bile, lymph, and blood. 2) Catheteri- 
zation of the hepatic veins in the dog in these ex- 
periments led to changes in blood flow distribu- 
tion which resulted in an excessive proportion of 
hepatic artery-derived blood in the catheter sam- 
ples. It is suggested that this phenomenon may 
point to a hitherto unrecognized role of the he- 


patic artery as a safeguard against transient re- 
gional ischemia in the liver under mechanical 
stress. In its application to hepatic vein sampling 
this effect is not critical unless one desires to 
discriminate between the fate of a constituent 
reaching the liver by way of either the hepatic 
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arterial or the portal venous blood stream. 3) A 
method has been designed for overcoming this 
difficulty by the use of an internal standard in 
studies of extraction efficiency of test substances 
like CrPO, colloid, or BSP. 4) Results of such 
measurements show no route-dependent differ- 
ences in CrPO, extraction, and a (questionably ) 
somewhat more complete extraction of BSP from 
the hepatic arterial stream. 


SUMMARY 


Differences in the handling of sulfobromo- 
phthalein sodium (BSP) reaching the liver have 
been claimed previously, depending upon whether 
administration was by way of the portal vein or 
the hepatic artery. This question has been in- 
vestigated using S**-labeled BSP to trace one of 
two equal simultaneous BSP doses (to hepatic 
artery and to portal vein) from injection site into 
the bile. The conditions under which such ex- 
periments can be interpreted have been elucidated. 
The results obtained indicate that route-deter- 
mined differences in BSP secretion are either non- 
existent or favor BSP reaching the liver in the 
portal venous blood stream. 

The efficiency of BSP removal from portal vein 
and from hepatic artery blood has been studied 
using radioiodinated serum albumin as an internal 
standard to obviate the impossibility of obtaining 
representative hepatic vein blood samples by 
catheterization. BSP is extracted with an effi- 
ciency of 52 per cent from hepatic artery blood 
and 47 per cent from portal vein blood. From 
these two sets of results it is concluded that the 
hepatic artery, the peribiliary arterial plexus which 
it supplies, and the bile ducts enmeshed by this 
plexus do not play any special role in BSP se- 
cretion into bile. 

In connection with the extraction efficiency 
studies, it was shown that blood samples from 
hepatic vein catheters contain an excessive propor- 
tion of blood originally supplied by the hepatic 
artery and that this is a genuine catheter artifact 
rather than the result of porta systemic shunts or 
of streamlined portal flow. 


APPENDIX 


a. Calculations bearing on the derivation of extraction 
efficiencies from double isotope injections incorporating an 
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internal standard. The general equations applicable to 
these calculations are: 
A BC, — BiC2 


1) “her? ere for the isotope ratio, 


and 


ae = (Kg + Ky + Kin x): for the cal- 
culation of relative probable error in the isotope ratio. 
Here A and B are the relative amounts of isotopes A and B 
in arbitrarily chosen units (which, however, once chosen 
determine the numerical values of the remaining constants 
and of the results); numbers 1 and 2 refer to the two de- 
tectors employed, a; and §,, and a2 and #2 are the count 
rates of one unit of pure A or pure B when placed under 
detector 1 or 2, and C; and C, are the count rates actually 
recorded for the experimental sample under detectors 1 
and 2. A(A/B) is the error in A/B calculated to result 
from errors of +1006 per cent in the determination of 
both C; and C2; Ky, Ki: and Ky are constants derived 
from appropriate manipulation of Equation 1: 


2) 


1.41 "102 
a8. — api 
1.41 (aiB2 + a2f1) 
a B2 — a8; 
_1.41-B:B2 
a1B2 — a8i" 


K,; = 
Ky = 
Kur = 


Using as a unit of isotope an amount giving 1,000 cpm 
in a specified geometry on the end-window detector, the 
following are the numerical equations for the case of 
[31 = A and S*® = B and, for the detectors employed by 
the authors (1 referring to the scintillation detector, 2 to 
the end-window counter) 


1 = C, — 1.41 X 10°C, 
Se 3.700; —C, 
and 

131 /S35 131 35 
aoe = t (4.17 = + 4.17 + 0.017 rit )*10 2 
where 1006 = + 3 per cent and it is assumed that the 
constants a etc. are determined to within +1 per cent or 
better. The relation between I/S and the probable error 
is graphically represented in Figure 1. In practice, isotope 
mixtures for injection were prepared so as to give an initial 
[31/35 around 0.125 ; experience showed that in one passage 
through the liver this ratio was displaced to the left by an 
amount indicated approximately by the interval shown 
above the graph, corresponding to a BSP extraction effi- 
ciency of 50 per cent. The values for I''/S%, conse- 
quently, are reliable to +7 per cent or better throughout, 
provided the calculations are based on individual count 
rates reliable to +3 per cent as used for the blood samples. 
Injection standards were counted to 1006 = + 1 per cent. 
Similar relations hold for CrPO,, but relative error here is 

+15 per cent for counting accuracy of +3 per cent. 
b. Expressing all BSP values as “colorimetric BSP” (so 
that S**BSP values are multiplied by the mean BSP color/ 
activity ratio for the biliary BSP complex in the particular 
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dog, yielding amounts of BSP or BSP complex equivalent 
colorimetrically to the recovered S**), the ratio of artery- 
injected/portal vein-injected BSP is calculated from the 
following relations: 


i 
A 


for the bile recovered after an injection pair in which the 
S*® went into the portal vein; and 

wy 

A’ = 3 = 


for an injection pair involving S** BSP injection into the 
hepatic artery. In these equations A and V, A’ and V’ are 
artery and vein-derived BSP after first and second injec- 
tions; S and C, and S’ and C’ are corresponding S**BSP 
and BSP color concentrations after first and second injec- 
tions; and S and C€ are the cumulative S*BSP and BSP 
color amounts (see Figure 3) from which the color /activity 
ratio is calculated. If the order of injections were as 
represented by the sequence of equations here, one would 
be dealing with a “portal vein first’ experiment in the 
sense of Table II. The sequence effect illustrated at the 
bottom of Table I would lead to the prediction that S’ 
would be too large (relative to S) by about 10 per cent, 


and S would therefore be too large by about * or 5 per 


, 


. Oe : V V 
cent. Examination of the equations for A and a shows 


that in this case both calculated ratios should be smaller 
than they would be in the absence of a sequence effect, 
and would deviate from the ‘‘correct’’ value by about the 
same amount (in the present example, provided A is not 

c 
3° the error would amount 
By the same reasoning in 


too different from V, and S from 


to about 10 per cent). “artery 


P . V v' 
first’’ experiments the calculated values for A and A would 


be increased as a result of the injection sequence effect. 
As seen in Table II, the observed direction of the discrep- 
ancies between “portal vein first’ and ‘‘artery first’’ ex- 
periments is as predicted, although the observed spread of 
mean values is somewhat smaller than would follow from 
these calculations. 
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It has been known for many years that most of 
the inorganic sulfate in the urine is derived from 
the oxidation of sulfur-containing organic com- 
pounds. In the classical calculation of the “acid- 
base balance” of food each Mole of sulfur in the 
ash is assigned an acid equivalence of two, thus 
assuming its quantitative conversion to sulfuric 
acid or to some other strong acid or acids which 
yield a total of two equivalents of hydrogen ion 
per Mole of sulfur (1). 

Until recently, however, there have been virtu- 
ally no studies of the relationship of sulfur metabo- 
lism to acid-base balance. In 1956 Hunt (2) re- 
ported that the feeding of methionine or sulfur- 
containing foods to man increased the excretion of 
acid in the urine. He suggested that it is chiefly 
the oxidation of dietary sulfur that determines the 
urinary excretion of acid. Interest in the rela- 
tion of sulfur metabolism to the acidification of the 
urine has also been stimulated by the observation 
that administration of methionine is an effective 
technique for maintaining an acid urine in some 
patients with chronic urinary tract infection (3). 
Small reductions in plasma CO, content have 
been observed in subjects given large doses of 
methionine (4), thus further suggesting a con- 
nection between the metabolism of organic sulfur 
and acid production. 

Although on theoretical grounds the release of 
two hydrogen ions would appear to be an obliga- 
tory consequence of the biological oxidation of 
methionine-sulfur to sulfate in an aqueous medium, 
there is at present no experimental demonstration 
of this relationship. No detailed or quantitative 


* Supported by Grant H-2767, National Heart In- 
stitute, United States Public Health Service. 

+ Presented in part at the Annual Meeting of The 
American Physiological Society, April, 1959. 


information about the interrelationships of changes 
in systemic acid-base balance, urinary excretion 
of acid and electrolytes and the metabolism of 
organic sulfur is currently available. The present 
work was therefore designed to clarify this prob- 
lem by carrying out balance studies of the effects 
of large loads of pL-methionine in normal men. 


METHODS AND MATERIALS 


Five balance studies were performed on three healthy 
young adult males who carried on their usual daily 
activities during the period of observation. Each study 
was preceded by a two to four day period of adaptation 
to the standard diet. The balance then began with a 
control period, followed by 
loading, and a recovery period, each lasting five to six 


a period of pi-methionine 


days. 

Liquid formula diets were utilized, which provided 
35 to 40 calories per Kg. body weight and 70 to 90 Gm. 
protein per day. A soybean flour! was used as the 
protein source, and had the following composition : 


Protein 50 per cent 

Fat 1 to 2 per cent 
Carbohydrate 30 to 35 per cent 
Calcium 0.2 to 0.4 per cent 
Phosphorus 0.5 to 0.7 per cent 
Potassium 57 mEq. per 100 Gm. 
Sodium 1 mEq. per 100 Gm. 
Chloride <1 mEq. per 100 Gm. 


Corn oil and glucose served as sources of fat and car- 
bohydrate, respectively. In three balance studies 200 mEq. 
sodium chloride was provided daily in the diet, while in 
two studies no sodium chloride was added. The sub- 
jects drank a constant amount of tap water and took one 
multiple vitamin capsule each day. Some subjects took 
small amounts of instant coffee either mixed with the 
diet or in the supplementary water, and in these cases 
the coffee was included in the diet analyses. 

Since the soybean flour contained only 0.7 Gm. methio- 


1“Toasted Soy Protein” granular flour, kindly made 
available by Soybean Division, General Mills, Inc., Min- 
neapolis, Minn. 
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INFLUENCE OF METHIONINE FEEDING ON SERUM CO, CONTENT IN 


Five EXPERIMENTS ON THREE NORMAL SUBJECTS 


nine per 100 Gm., a supplement of 1.0 Gm. pi-methionine 
per day was provided in the basic diet in order to meet 
minimum daily requirements. An additional 13.9 Gm. 
pL-methionine per day was added to the basic diet dur- 
ing the period of methionine loading. 

Urine was collected under mineral oil using thymol 
and phenyl mercuric nitrate as preservatives. 

Diets were analyzed for total nitrogen, sodium, potas- 
sium, chloride and phosphorus. The methods for these 
determinations, as well as those employed for the analy- 
ses of blood, urine and stool have been previously reported 
(5) with the following exceptions: urinary ammonia 
was determined by Conway’s micro-diffusion method 
(6), ethereal sulfates in urine were determined gravi- 
metrically as barium sulfate (7) and chloride in se- 
rum, urine, stools, and diet was determined by a po- 
tentiometric titration (8). Urine pCO, and bicarbonate 
were calculated from the total CO, content and pH of 
the urine. Net urinary excretion of acid (referred to as 
“net acid”) was calculated as the sum of ammonia plus 
titratable acid minus bicarbonate. 


RESULTS 


Analytical data from a representative balance on 
one subject (J. L.) are presented in Table I, and 
some of the pertinent results from the other bal- 
ances are shown in Figures 1 through 4. 


I. Effects of methionine loading 


In each of the balance studies the administration 
of pL-methionine produced an immediate though 
modest drop in serum CO, content (Figure 1), 


but venous pH did not change. There were no 
detectable changes in the serum concentrations of 
sodium or chloride. Potassium concentration de- 
creased by 0.3 and 0.7 mEq. per L. in the two 
balances without added salt. 

Excretion of inorganic sulfate increased rapidly 
from control levels of 33 to 49 mEq. per day up to 
150 to 179 mEq. per day by the second or third 
day of methionine administration. The maximum 
daily increments above the average control rates 
ranged from 110 to 130 mEq. per day. Excre- 
tion of ethereal sulfate was measured in two bal- 
ances and did not change (Table I). 

Associated with the sulfate diuresis was a 
prompt fall in the pH of the 24 hour urine collec- 
tions to the range of 4.7 to 5.2 (starting from con- 
trol values of 5.8 to 7.0). The pH of individual 
freshly voided specimens varied from 4.5 to 5.5 
throughout the day. 
ate and progressive rise in ammonium excretion 
starting from control rates of 19 to 37 mEq. per 
day and rising gradually to levels of 92 to 115 
mEq. per day by the fourth or fifth day of load- 
ing. Titratable acid increased by an average of 
15 to 22 mEq. per day and remained fairly con- 
stant throughout the period of loading. The ex- 
cretion of “net acid” rose gradually and then 
leveled off after two or three days. As shown 
in Figures 2 through 4, the increments in “‘net 


There was also an immedi- 
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Effect of methionine feeding on daily balances of potassium and on renal 


excretion of inorganic sulfate and “net acid.” 


Sodium and chloride balances 


are omitted because renal excretion was always negligible. 


acid” tended to lag behind the increase in inor- 
ganic sulfate. 

There was no significant or consistent increase 
in excretion of sodium. In the two low-sodium 
balances urine sodium and chloride were negligibly 
small throughout the study. Of the other three 
balances with added salt, one (Table I) showed 
no significant change in sodium excretion, another 
a very small increase in sodium on the first day fol- 
lowed by subsequent retention (Figure 3), and 
the third a slight initial retention of sodium fol- 
lowed by apparently random fluctuations in bal- 
ance. Cumulative sodium balances during the 
loading period, corrected for the control period, 
were + 67. mEq., + 50 mEq. and — 26 mEq., 
with corresponding chloride balances of + 84 
mEq., + 136 mEq. and + 22 mEq. 

Potassium excretion increased slightly in the 
balances with added salt, usually toward the end of 
the methionine period (Table I, Figure 3). Cum- 
ulative potassium balances, corrected for the con- 
trol period, were — 55 mEq., — 49 mEq. and 
— 84 mEq. In the two studies on a salt-poor 
diet the potassium diuresis was prompt and of 
greater magnitude (Figure 4). Cumulative bal- 


ances for the period, corrected for control, were 
— 111 mEq. and — 131 mEq. 

Nitrogen excretion in the urine increased in 
each subject during the loading period by an 
amount greater than the increment in nitrogen 
intake represented by the methionine load. Thus, 
in every instance nitrogen balance became slightly 
negative during this period (— 8 to — 15 Gm., 
total). 

Urinary calcium excretion was measured on 
several days in each metabolic period during three 
of the studies. It increased from control values 
of 1 to 3 mEq. per day to levels of 4 to 7 mEq. 
per day during the period of methionine loading 
(Table I). There were no marked or consistent 
changes in excretion of phosphorus. 

Excretion of total organic acids showed a small 
but consistent increase in every study. The av- 
erage increment above control ranged from 2 to 9 
mEq. per day. 


IT. Recovery period 


Immediately upon stopping methionine, the ex- 
cretion of inorganic sulfate dropped sharply and 
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in every instance was virtually back to control 
levels by the second day of the recovery period. 
By contrast, however, the excretion of ammonium 
and titratable acid and the calculated “net acid” 
excretion remained significantly elevated for two 
or three days, usually returning to control by 
the fourth day of recovery. Therefore, as shown 
in Table I and in Figures 2 through 4, the incre- 
ment above control in the excretion of “net acid” 
always exceeded the increment in the excretion of 
inorganic sulfate on the second and third days of 
recovery. During this time urine pH remained 
low, returning to control levels imultaneously with 
“net acid.” As shown in Figure 1, serum CO, 
content was still slightly below control on the 
morning of the second day of the recovery pe- 
riod but was restored to normal one day later. 

In the three studies with added sodium chlo- 
ride there was a striking retention of sodium im- 
mediately after methionine administration was 
stopped, during the phase when the increment in 
the excretion of “net acid” exceeded that of in- 
organic sulfate (Table I, Figure 3). In each in- 
stance this positive balance of sodium was accom- 
panied by a reduction in urine volume and a gain 
in weight of from 0.2 to 0.9 Kg. The cumulative 
sodium balances for the recovery period, corrected 
in each instance for the average daily balance dur- 
ing the control period, were: J.L., + 266 mEq.; 
P.J., + 180 mEq.; and L.S., +210 mEq. At 
the end of the recovery period the final cumula- 
tive sodium balances for the entire study, includ- 
ing the control periods, were: J.L., + 102 mEq.; 
P.J., + 272 mEq.; and L.S., +62 mEq. Chlo- 
ride balances during recovery were also positive, 
but significantly less so than those of sodium. The 
corrected cumulative balances of chloride for the 
recovery period were: J.L., + 143 mEq.; P.J., 
+ 130 mEq.; and L.S., + 115 mEq. 

Potassium excretion dropped below control 
levels in every case within two or three days after 
stopping methionine, the retention being greatest 
in the two subjects on salt-free diets who had lost 
the most potassium during the loading period. 
Except for one subject (J.L., Table I) who tended 
to lose moderate amounts of potassium in his 
stools throughout the balance, potassium balances 
were essentially restored to normal by the end of 
each study. 

The excretion of calcium, nitrogen and total 
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organic acids, which had been slightly increased 
during the loading period, promptly dropped 
hack to control levels. 


DISCUSSION 
1. Acid-base balance and electrolyte excretion 


These data clearly demonstrate that large loads 
of pL-methionine produce a slight reduction in 
serum CO, content and a simultaneous acidifica- 
tion of the urine. Urine pH appeared to be 
closely related to changes in systemic acid-base 
balance and to be relatively independent of the 
quantity of sulfate excreted. Large loads of neu- 
tral sodium sulfate are known to produce in- 
tense acidification of the urine in salt-depleted 
subjects (9), probably by accelerating sodium- 
hydrogen exchange in the renal tubule. This 
mechanism was apparently not of importance in 
the present experiments, most likely because the 
sulfate load was relatively small. 

Accompanying the acidification of the urine 
there was a slow progressive rise in the excre- 
tion of “net acid,’ chiefly in the form of am- 
monium. Although the increments in “net acid” 
always lagged behind the rise in sulfate, there 
was no demonstrable sodium diuresis. There was 
instead a diuresis of potassium (most marked with 
low-sodium diets) and calcium, and a slight re- 
duction in chloride excretion relative to sodium. 
In this i spect the effects of methionine would at 
first appear to be different from those of am- 
monium chloride, an initial sodium diuresis being 
a constant feature of the action of the latter com- 
pound in normal subjects on normal diets. How- 
ever, no conclusions can be drawn, for there are 
no adequate data in the literature concerning the 
effects of ammonium chloride in doses less than 
150 mEq. per day, whereas in the present experi- 
ments the maximum increments in sulfate were 
only 110 to 130 mEq. per day. 

While the present experiments were being car- 
ried out, an independent study was conducted by 
Kaitz and Kass (10) for direct comparison of 
inethionine with ammonium chloride. In each of 
two subjects they compared the effects of 150 
mEq. ammonium chloride with those of 12 Gm. 
pt-methionine (which resulted in an average in- 
crement in urinary sulfate of 114 to 119 mEq. per 
day). There was little or no sodium diuresis with 
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either agent in those dosages. The initial effects 
of methionine on acid-base balance and renal acid 
excretion were, in general, similar to those they 
observed with ammonium chloride and to the ef- 
fects of methionine reported here. However, urine 
pH tended to rise slightly with continued adminis- 
tration of ammonium chloride but not with me- 
thionine. They also observed a slight increase 
in phosphate excretion during methionine loading 
which was responsible for a relatively greater ex- 
cretion of titratable acid. Their subjects in- 
gested a considerably greater amount of phos- 
phate than that which was fed in the present 
experiments, which may, in part, explain the 
negligible effect of methionine on phosphate ex- 
cretion in these studies. 


II. Relation between sulfate excretion and endo- 
genous acid production 


In the classical calculation of the acid equiva- 
lence of the diet ash it is implied that metabolism 
of dietary sulfur leads to the release of two equiva- 
lents of hydrogen ion per Mole of sulfur oxidized 
(1), and in theory such a result should be ex- 
pected from the conversion of amino acid-sulfur 
to sulfate. Although it is well recognized that 
ingestion of sulfur-containing foods leads to in- 
creased acid excretion (2), there has never been 
any proof of the implied quantitative relationship 
between sulfur metabolism and the endogenous 
generation of acid. Since almost all of the oxi- 
dized sulfur is excreted as inorganic sulfate in the 
urine (11), and since all fixed acids are presum- 
ably excreted in the urine as “net acid,” it should 
be possible in the present experiments to test the 
validity of the above concept by comparing the 
accumulated increments in “net acid” excretion 
with the increments in sulfate excretion after acid- 
base balance was restored to normal. 

Table II compares these cumulative increments 
in sulfate and “net acid” in each of the studies. 
The final cumulative increments in “net acid” 
ranged from 79 per cent to 105 per cent of the 
cumulative increments in sulfate, with a mean 
value of 93 per cent. The close correspondence of 
these values would therefore suggest that the 
metabolism of methionine to sulfate does in fact 
yield two equivalents of hydrogen ion per Mole 
of sulfur so oxidized. 


TABLE II 


Comparison of cumulative increments in sulfate 
and ‘‘net acid”’ 








Cumulative 
net acid 
as a per- 
centage of 

cumulative 
inorganic 

sulfate 


Cumulative 
increment 
in urinary 
inorganic 

sulfate 
excretion 


Cumulative 
increment 
in net acid 


Subject excretion 





mEq. mEq. % 
High NaCl 834 874 105 
Low NaCl 695 686 99 
High NaCl 833 747 90 
Low NaCl 666 524 79 
High NaCl 644 591 92 


Mean 93 


A reasonable description of this quantitative 
relationship between the endogenous production 
of sulfate and the generation of acid can be con- 
structed from a consideration of the reactions 
known to be involved in the metabolism of methio- 
nine (11). Figure 5 summarizes what now ap- 


pears to be the major oxidative pathway for 
methionine and indicates the probable source of 
In the initial step, the details of which 
are not shown, methionine is demethylated and 


the acid. 


donates its sulfur to form cysteine. Neutral mole- 
cules are involved in this step. The remainder 
of the methionine molecule is oxidized to CO,, 
urea and water, not shown in the figure. Cysteine 
is oxidized to cysteine sulfinic acid, (pK = 2.1), 
thus generating the first equivalent of hydrogen. 
Following deamination or transamination of cys- 
teine sulfinate to f-sulfinyl pyruvate, a second. 
equivalent of hydrogen is produced hy the hy- 
drolysis of the 8-sulfinyl pyruvate to acid sulfite 
(pK, = 5.2) and pyruvate. The final oxidation of 
sulfite to sulfate does not yield additional acid. 
The potential alkali produced in the form of py- 
ruvate is matched by the potential acid in the 
form of the amino group removed in the conver- 
sion of cysteine sulfinate to f-sulfinyl pyruvate. 
Thus, the net result of the degradation of | 
Mole of methionine or cysteine sulfur to sulfate 
is the release of two equivalents of hydrogen ion. 


ITT. Sulfur balance 


Approximately 70 per cent of the sulfur fed 
as methionine was excreted in the urine as inor- 
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ganic sulfate. There was no increase in urinary 
ethereal sulfur excretion during methionine load- 
ing (Table I) and no increase in the negligible 
quantities of inorganic sulfate excreted in the feces. 
Semiquantitative paper chromatographic studies 
in two balances indicated that an additional 10 to 
15 per cent of the sulfur fed was excreted as 
unmetabolized methionine in the urine. No me- 
thionine was detected in chromatograms of the 
feces. 

Thus, roughly 15 to 20 per cent of the adminis- 
tered load of methionine sulfur apparently fol- 
lowed some metabolic pathway: other than that 
shown in Figure 5. Other possible metabolic 
fates of the sulfur-containing amino acids include: 
a) incorporation into tissue, b) deamination to 
analogous a-keto acids, c) oxidation to taurine 
and d) conversion to volatile compounds such as 
thiols or hydrogen sulfide. These possibilties are 
briefly considered below: 

a) In view of the slightly negative nitrogen 
balances at the end of each study (— 1.0 to — 17.0 
Gm.) it is unlikely that any significant quantity of 
sulfur was incorporated into tissue. 
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b) Total urinary a-keto acids were measured ? 
in two balances and were negligibly small, al- 
though there was a slight rise during methionine 
loading. The maximum excretion never exceeded 
1 mEq. per day. This suggests that formation of 
y-methiol-a-keto butyric acid from methionine was 
not a major alternate pathway of methionine 
metabolism. 

c) Further direct oxidation of cysteine sulfinate 
yields cysteic acid and finally taurine. No free 
taurine was found in the chromatograms of the 
urine in the two balances that were studied. 
Measurements of fecal taurine and taurocholate 
excretion were not made. However, in any event, 
taurine (+ H,N — CH, — CH, — SO,°) is an in- 
ternally neutralized substance and its formation 
should not affect acid-base balance. 

d) Volatile sulfur-containing compounds such 
as methanethiol (CH,SH) and methyldithiome- 
thane (CH,SSCH,) have been found in the urine 
of patients with hepatic insufficiency (4, 12) who 
may have impairment of methionine degradation. 


2 We are indebted to Dr. W. E. Huckabee for these 
analyses. 
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Tests for these volatile substances were not made 
in the present experiments, but several observers 
noted that the subjects had the characteristic odor 
of hepatic coma while they were taking the methi- 
onine load, thus suggesting that volatile substances 
probably accounted for at least part of the missing 
sulfur. However, neither the thiols mentioned 
above, nor hydrogen sulfide, should have any in- 
fluence on acid-base balance. 

In summary, it would follow from these con- 
siderations that : a) most of the administered 
pL-methionine was metaboiized, b) 80 to 85 per 
cent of the metabolized methionine went to in- 
organic sulfate, and c) the reactions leading to 
the formation of inorganic sulfate are the sole 
source of the endogenous acid derived from sulfur 
metabolism. 


SUMMARY 


Balance studies were carried out in normal 
subjects given 13.9 Gm. piL-methionine for pe- 
riods of five to six days. 

Administration of methionine produced small 
reductions in serum CO, content, associated with 
acidification of the urine and increased excretion 
of ammonium. There was a prompt sulfate diu- 
resis, the total cumulative increment representing 
approximately 70 per cent of the administered 
sulfur, and 80 to &5 per cent of the methionine 
metabolized. During the loading period potassium 
excretion increased slightly, but there was no 
definite change in sodium balance. With re- 
covery, both sodium and potassium were retained. 

The changes in acid excretion were related to 
the observed reductions in serum CO, content 
and to the calculated acid retention. Excretion of 
acid, on the other hand, was relatively independent 
of the urine sulfate. 

After final restoration of acid-base balance, 
accumulated increments in sulfate excretion were 
virtually equalled by the cumulative increments in 
excretion of “net acid.” This strongly suggests 
the production of two equivalents of hydrogen ion 
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for each Mole of oxidized sulfur, and confirms 
earlier views of the important contribution of sul- 
fur metabolism to the endogenous fixed acid load. 

Consideration of these data in the light of the 
known pathways of sulfur metabolism indicates 
the probable source of the hydrogen ions to be 
cysteine sulfinic acid and acid sulfite. 
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In previous studies it was observed that 5 to 20 
per cent of intravenously administered Na** and 
P**-labeled phosphate and other electrolytes es- 
caped from the circulation during a single transit 
through the cardiopulmonary pool (1). The 
relatively small transcapillary exchange of elec- 
trolytes in the lungs as compared with skeletal 
muscle and certain other viscera was attributed to 
a lesser permeability of the pulmonary capillaries 
(1). The fraction of intravascular tracer electro- 
lyte transferred across the pulmonary capillaries 
during pulmonary transit was diminished in the 
presence of a rapid circulation time and increased 
in patients with congestive heart failure and a 
prolonged circulation time (1). The present 
study extends these observations in patients with 
pulmonary emphysema where the problem of 
structural and physiological alterations of the 
pulmonary vascular tree is of particular interest. 


METHODS 


Subiects. The control subjects were adult patients, 
without evidence of pulmonary, cardiovascular or he- 
matological disturbances, of the First Medical Service, Bel- 
levue Hospital. Emphysematous patients without anemia 
or heart failure were selected from the Emphysema Sec- 
tion of the Chest Clinic, Bellevue Hospital. These pa- 
tients had been observed for a period of years and their 
disease confirmed by pulmonary function tests and roent- 
genographic examination. The present study compares 
the exchange of Na™ ions in 11 control and seven emphy- 
sematous subjects and the exchange of P*-labeled phos- 
phate in six control and six emphysematous subjects. 

The techniques employed in this laboratory have been 
described previously (1). Briefly, a solution containing 
either Na™ or P*-labeled phosphate, together with a 
reference material (in these studies albumin-I™), to 
which the capillaries are relatively impermeable, is in- 
jected rapidly into a peripheral vein and samples of ar- 


*This material was presented in part at the Third 
World Congress of Cardiology, Brussels, Belgium, Sep- 
tember 1958. 


terial blood are obtained at two second intervals from an 
indwelling arterial needle previously inserted in the bra- 
chial artery of the opposite arm. The doses of the various 
isotopes used were as follows: Na™, 40 to 80 uc.; P*®- 
labeled phosphate, 10 to 20 wc.; and albumin-I™, 5 to 40 
uc. The methods employed i assaying these isotopes 
have been described previously (1). 

If a tracer electrolyte leaves the circulation during 
passage through the lungs the dilution curve shows con- 
centrations which are lower than those for the refer- 
ence substance on the ascending portion, owing to loss 
of electrolyte into the lungs during the initiai “transit. 
On the descending limbs of the curves the electroyte con- 
centrations frequently approach or even exceed those of 
the reference material. This has been interpreted as be- 
ing due to the return to the blood stream of some of the 
tracer electrolyte which has previously diffused out (1). 
At any time during the first circulation the net loss of the 
tracer electrolyte may be determined by comparing the 
areas under the curves up to that time. Since in many 
instances the descending portions of the curves reflect re- 
entry of the electrolyte, it was felt that by comparing the 
areas under the ascending portions to the peak concen- 
tration (A%) a closer approximation of the magnitude 
of transfer would be obtained. However, both these as- 
cending areas (A%) and the total extrapolated curve 
areas (T%) were used in the calculations (Table I). 

All curves were plotted on semilogarithmic paper; the 
initial exponential portion of the descending limb was 
extrapolated to the baseline to exclude recirculation and 
the first circulation curve replotted on linear paper. 
Area measurements were made with a rotary planimeter. 
The difference in areas beneath the electrolyte and al- 
bumin curves was expressed as percentage of the albumin 
curve area. The mean circulation time was determined 
by the method of Hamilton, Moore, Kinsman and 
Spurling (2). Cardiac outputs were calculated by means 
of the arterial dilution technique (3, 4). 


RESULTS 


The mean net loss of Na*, calculated from the 
ascending portion of the curves (A%) for seven 
emphysematous patients, was 3.8 + 1.2 per cent 
(S.E.), while the mean loss for 11 control patients 
was 12.9 + 1.6 per cent (S.E.) (Table I, Figures 
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TRANSCAPILLARY EXCHANGE OF IONS IN EMPHYSEMA 


TABLE I 
Pulmonary transcapillary exchange of Na* and P*-labeled phosphate 
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1,2). The difference between the means is signifi- 
cant according to the “t” test (5) (p< 0.01). 

Six studies were performed on emphysematous 
patients using P**-labeled phosphate and albumin- 
I*%1, Three of these subjects demonstrated no 
loss of phosphate during the entire first circula- 
tion, and the mean value for the group determined 
from the ascending curve areas (A%) was 2.6 + 
1.2 per cent (S.E.). The mean loss for P*?- 
labeled phosphate in six control subjects was 
114+1.9 per cent. These differences are also 
significant (p < 0.01). 

In control subjects and in emphysematous pa- 
tients the total Na** curve areas (T%) were 9.2 + 
1.5 per cent (S.E.) and 4.5 + 0.9 per cent (S.E.), 
respectively, less than the albumin curve area. 
The difference between the means is significant, the 
p value being between 0.05 and 0.01. In the con- 
trol group the mean difference in areas beneath 
the total albumin-I'* and total P** curves (T%) 
was 10.3 + 2.1 per cent (S.E.), while in the em- 


physematous patients the mean difference was only 
2.2 + 1 per cent (S.E.). The difference between 
the means is statistically significant (p < 0.01). 

The mean circulation time determined in 10 of 
the.control subjects was 18.5 + 0.9 seconds (S.E.) 
while that for all 13 emphysematous patients was 
21.4 + 1.2 seconds (S.E.) (Table II). The differ- 
ence is of questionable significance, the p value 
being between 0.1 and 0.05. 

The cardiac index for 12 of the control sub- 
jects in whom data were available was 3.99 + 
0.36 L. per minute per M.’, while that for the 13 
emphysematous patients was 3.69 + 0.30 L. per 
minute per M.*?. The mean values do not differ 
significantly (p> 0.1). These values (particu- 
larly in Co., Mi. and Ron.) are somewhat higher 
than those reported by others (6, 7) for normal 
subjects. The explanation probably lies in the 
fact that no attempt was made to conform to basal 
resting conditions in either the control group or 
the emphysematous patients. 
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Albumin-I™ and Na™ as Na* in control and emphysema- 
tous patients (upper curves) and albumin-I™ and P*-la- 
beled phosphate in control and emphysematous patients 
(lower curves). 


SIMULTANEOUS ARTERIAL DILUTION CURVES 


DISCUSSION 


The results of the present study again indicate 
that the ion curves differ from the albumin curves 
in normal subjects. This difference partially or 
completely disappears in patients with pulmonary 
emphysema, indicating a decrease in the fraction 
of Na and phosphate transferred out of the blood 
during circulation through the lungs. Transfer 
of the tracer out of the circulation is primarily a 
function of capillary transit time, capillary surface 
area and capillary permeability. Although it is 
not possible to identify exactly alterations in any 
of these factors, it is interesting to speculate as to 
the mechanism involved in causing the diminished 
outflux in emphysema. 

Although the capillary transit time was not de- 
termined in the present study, previous studies 
have demonstrated a correlation between circula- 
tion time and the fractional loss of plasma electro- 
lytes (1). The calculated mean circulation time for 


the emphysematous patients was slightly longer 
than in the control subjects which would, if any- 


thing, tend to augment this fractional loss of 
plasma electrolytes (1). However, the capillary 
transit time has been calculated to be approxi- 
mately one second (8) and alterations in the rate 
of blood flow through the capillaries could take 
place without being reflected in the calculated mean 
circulation time. On the other hand, it is un- 
likely that the lack of any detectable transfer could 
be accounted for solely by reduction in capillary 
transit time. 

The effect of pulmonary emphysema on the 
capillary surface area is not known, but disruption 
and obliteration of the smaller blood vessels have 
been described (9-11) and a significant diminu- 
tion in total capillary surface area would result 
in a decrease in outward movement of the tracer 
ions. Likewise, the diminished gas-diffusing ca- 
pacity observed in emphysema has been partially 
attributed to a decreased membrane surface area 
(12-15). However, the finding of McNeil, Ran- 
kin and Forster (12) that the capillary blood vol- 
ume remains essentially unaltered in emphysema- 
tous patients offers no support to the possibility 
that the capillary surface area is diminished but 
does not, of course, exclude it. 

Capillary permeability remains to be considered. 
Alterations in the characteristics of the membrane 
have been discussed as another factor limiting gas 
exchange (12, 14) and it is possible that the de- 
creased electrolyte transfer in emphysema could 
result from alterations in capillary permeability. 

In addition to the three factors just discussed, 
other alterations in the emphysematous lung 
should be considered. The presence of right to 
left shunts bypassing the capillary bed could ob- 
viously limit outflux. However, such shunts are 
not characteristic of the emphysematous lung and, 
furthermore, would appear to be excluded by the 
absence of a rapid initial appearance of both tracer 
electrolytes and albumin-I***. 
anastomoses with the pulmonary vessels have been 
described in chronic pulmonary disease (16-18), 
but since blood flow through these channels is 
from left to right no effect on the first circula- 
tion transfer would be expected. 

Finally, it is conceivable that capillary perme- 
ability is so altered in pulmonary emphysema as 
to allow the tracer electrolytes and albumin-I*™ to 
exchange at the same rate, thus eliminating any 
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Exchange in control and emphysematous patients, expressed as per cent of plasma 
sodium and phosphate leaving the circulation in a single passage through the lungs. 


difference in the curves. Although this possi- The statements made in the discussion above are 
bility cannot be excluded, there is no evidence to based on certain assumptions for which data are 
support it. not available. Capillary transit time and capillary 


TABLE II 


Circulatory data 








Controi Emphysematous 
subjects C.Lt patients M.C.T. C4. 





L./min.{/M2 sec. L./min./M 2 

3.30 . 19.4 4.17 
3.84 a. 19.5 
4.67 Su. 17.6 
14.0 6.70 : 20.1 
17.3 3.40 ‘ 14.5 
24.2 3.40 Sh. 20.4 
17.5 3.92 Se. 27.4 
17.0 3.79 Mo. 18.0 
16.1 3.82 ; 28.2 
22.6 3.30 ‘ 24.7 
17.5 4.54 h. 26.4 
21.0 3.21 23.2 
19.4 


Mean valuesf 18.5+0.9 3.99 +0.36 21.441.2 





*M.C.T. = mean circulation time. 
+ C.I. = cardiac index. 
¢ Means expressed as mean + standard error of the mean. 





2228 


surface area are not known and the factors limit- 
ing gas exchange may not effect electrolyte trans- 
fer in a similar fashion. 

Although it is recognized that no final conclu- 
sions as to mechanism may be drawn, the fact re- 
mains that electrolyte transfer as measured here 
is markedly reduced in emphysema. 


SUMMARY 


1. The pulmonary transcapillary exchange of 
Na*‘ and P**-labeled phosphate was determined in 
17 control subjects and in 13 patients with pul- 
monary emphysema. 

2. Exchange of both ions is markedly reduced 
or practically abolished in emphysema. 
causing this diminished transfer are discussed. 


Factors 
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Sleep is a time of varying physiologic and meta- 
bolic activity (2,3). Many of the metabolic pat- 
terns which occur during sleep have not been well 
characterized. One area which falls into this 
category concerns the changes in blood glucose 
that occur during sleep. Previous studies on nor- 
mal subjects have given conflicting results. Hy- 
perglycemia, normoglycemia, and hypoglycemia 
have been reported to characterize sleep. Endres 
and Lucke (4) studied a group of adults and con- 
cluded that blood sugar rose during sleep. Simi- 
lar results were reported by Chieffi and Rosselli 
del Turco (5) in a study of a group of children. 
Trimble and Maddock (6) studied capillary blood 
glucose concentrations in a group of nine normal 
young medical students. Their studies included 
eight isolated values taken during sleep and a se- 
ries of values on a single subject taken at hourly 
intervals during an entire night’s sleep. They 
concluded, although their data were inadequate 
for final conclusions, that blood glucose seemed to 
remain essentially constant during sleep. Dienst 
and Winter (7) reported that sleep was con- 
sistently associated with hypoglycemia and indeed 
that hypoglycemia was capable of inducing sleep. 
To our knowledge, no systematic study of blood 
glucose concentrations during sleep has been un- 
dertaken in a sizable group of subjects with 
diabetes mellitus. 

Previous studies have had several limitations. 
Most workers have measured total blood-reducing 
substances rather than true glucose. The tech- 


* This investigation was supported in part by a re- 
search grant (H-2243) from the National Heart Institute 
of the National Institutes of Health, United States Pub- 
lic Health Service, and in part from the Massachusetts 
Heart Association. Some of these data have been previ- 
ously presented in abstract form (1). 

+ Public Health Service Research 
National Heart Institute. 
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nique of blood sampling has not allowed continu- 
ing sleep by the experimental subjects. Conclu- 
sions have generally been based on single or iso- 
lated blood glucose values occurring during sleep. 
The present study was designed to obviate these 
limitations and had as its objective an investigation 
of blood glucose regulation in normal and dia- 
betic subjects during physiologic sleep. 


METHODS AND MATERIALS 


All subjects reported to the laboratory approximately 
four to six hours following the evening meal. A brachial 
vein was intubated with a No. 14 polyvinyl catheter so 
that blood could be obtained for analysis without dis- 
tracting or waking the patient. A comfortable bed in a 
dark environment was provided. Thirty minutes after 
the catheter was in position, a control blood was obtained 
for glucose analysis. The subject was then permitted to 
fall asleep and hourly bloods were obtained during the 
entire night; upon his waking in the morning, a final 
sample of blood was obtained. No sedative drugs were 
used. Between sampling. the catheter was kept open by 
means of dilute heparin. Blood glucose concentrations 
were determined in some patients by the glucose oxidase 
method of Froesch and Renold (8), and in others by 
the method of Nelson (9). The glucose concentrations 
reported are therefore “true glucose” and not total re- 
ducing substances. The following studies were per- 
formed. 

In eight normal subjects, hourly blood sugars were de- 
termined during a given night of sleep. 

A total of 16 diabetic subjects was studied by means 
of hourly blood glucose determinations during the night. 
Of these, five were untreated, except by diet; eight were 
insulin-treated and three were orinase-treated diabetics. 


RESULTS 


The data shown in Table I summarize the hourly 
blood glucose concentrations found at night in the 
normal subjects and show that hourly variations 
in blood glucose concentration are small during 
sleep. The greatest variation of blood glucose in 
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any normal subject was 26 mg. per cent. The 
mean standard deviation for the group as a whole 
was only + 4.7 mg. per cent. Blood sugar con- 
centrations during sleep are, therefore, charac- 
terized by their great constancy. 

The hourly blood glucose concentrations on the 
diabetic subjects are summarized in Tables II, 
III and IV. These data indicate a much greater 
variability of blood glucose than is present in the 
normal subjects. 

This variability may be most conveniently esti- 
mated by inspecting the data obtained on the un- 
treated patients (Table I1). In this group, the 
greatest variation of blood glucose concentra- 
tion was 91 mg. per cent. The mean standard de- 
viation of the group as a whole was + 18.5 mg. 
per cent. 

Many patterns of variation of blood glucose 
were found in the insulin-treated patients (Table 
III). Some of the more interesting patterns fol- 
low. Patient W.F. developed fairly severe hypo- 
glycemia while asleep (blood glucose 32 mg. per 
cent). Despite hypoglycemia, he did not awaken. 
By morning, his blood glucose had returned to a 
normoglycemic level. Patient C.A. showed a 
progressive increase in blood glucose during the 
night, using from 155 to 293 mg. per cent during 
the night. Patient S.P. was hyperglycemic until 
1:00 a.m. and from 1:00 a.m. until awaking in the 
morning he was normoglycemic. The nocturnal 
hyperglycemia was not reflected in the fasting 
morning blood glucose concentration. The great- 
est variation of blood glucose in any subject of 
this group was 140 mg. per cent and the mean 
standard deviation for the group as a whole was 
+ 27.5 mg. per cent. 

The three orinase-treated patients showed a 
variability of blood glucose that was intermediate 
between the normal subjects and the untreated 
diabetics (Table IV). The mean standard devia- 
tion of hourly blood glucose concentrations in 
this group was + 11.1 mg. per cent. Of interest 
are the data on Patient B.M. who was studied prior 
to and while on orinase therapy. Following ori- 
nase therapy, not only did the fasting blood glu- 
cose concentration fall but there was also a de- 
crease in the variability of his hourly glucose 


concentration. 
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TABLE II 


Hourly nocturnal blood glucose concentrations in five subjects with diabetes mellitus treated by diet alone 








J. W. 
Untreated 


B. M, R.C. M. H, 
Untreated Untreated Untreated 


State Glucose 
mg. To 
353 
319 
314 
271 
276 


A. B. 
Untreated 








State Glucose State Glucose 


mg. To 
121 
125 
121 
185 
120 


Time 


State Glucose 


State Glucose 








mg. % 
204 
182 
164 
158 
175 


me. To 
150 
136 
138 
112 
122 


mg. To 
100 
102 
100 
84 
98 


Awake 
Awake 
Awake 
Asleep 


Awake 
Awake 
Awake 
Awake 
Awake 


Awake 
Awake 
Awake 
Awake 


Awake 


Awake 
Asleep 
Asleep 
Asleep 
Awake 


Awake 
Awake 
Awake 
Awake 
Awake 


1) p.m. 
12 p.m. 
1 a.m. 


Asleep 
Awake 
Awake 


124 
113 


150 
152 
158 


Awake 
Awake 
Awake 


DISCUSSION 


The data presented in this paper establish that 
the hourly variation in blood. glucose concentra- 
tions during sleep in normal subjects is extremely 
small. Blood sugar constancy during sleep must 
reflect an effective regulating mechanism since it 
is known that other factors capable of affecting 
glucose metabolism operate differently during 
sleep than during the waking state. For example, 
approximately 70 per cent of the daily adrenal se- 
cretion occurs between 12:00 midnight and 9 a.m. 
(10). Norepinephrine and epinephrine plasma 
levels are decreased during sleep (11). The con- 
stancy of blood glucose concentrations during 
sleep appears to be based on an effective regulat- 
ing mechanism operating at a time when it does 
not have to deal with additional exogenous carbo- 
hydrates furnished by eating or increased glucose 
utilization produced by exercise. 

In contrast, subjects with diabetes mellitus have 
blood glucose concentrations that are quite vari- 
able. This variability is present, first of all, in 
untreated diabetics. In some untreated patients, 
the variability may be explained by a decreased 
ability to utilize glucose. For example, Patient 
A.B. showed a progressive decline in hourly blood 
glucose concentrations from 11:00 p.m. to 6:00 
a.m. the following morning. This decline may be 
related to impairment of glucose tolerance with the 
high glucose levels during the evening reflecting 
the hyperglycemic effects of the evening meal. 
On the other hand, Patients J.W. and M.H. 
showed spontaneous variations of blood glucose 
concentrations that could not be explained on 
this basis. 


Awake 


120 
116 
108 


Asleep 

Awake 

Awake 
Awake 


The greatest variability of blood glucose levels 
was found in the insulin-treated patients. A num- 
ber of patterns of blood glucose variation was 
found which appear to be of clinical importance. 
The occurrence of hypoglycemia during sleep, 
without producing symptoms or arousal of the pa- 
tient, is of obvious importance. This phenomenon 
has previously been reported by Maddock and 
Trimble (12). 
hyperglycemia during a large part of the night, 
but who are normoglycemic by morning (Patient 
S.P.) would be considered well controlled by gen- 
erally accepted criteria but, in truth, would be 
relatively uncontrolled for a significant portion 
of each 24 hours. Conversely, patients like C.A., 
whose glucose concentrations during sleep were 
considerably lower than during waking hours, 
night be overtreated on the basis of a morning 
blood sugar. 


Patients who show significant 


These data suggest that attempted die betic regu- 
lation by means of urine glucose concentrations 
might be particularly unsatisfactory. Insulin dos- 
ages based on 24 hour glucose excretion might 
not correspond to the diurnal variations present in 
diabetics. Spot checks of urinary glucose might 
be even more unsatisfactory. 
Patient S.P. the morning urine would contain glu- 
cose that reflected nocturnal hyperglycemia. Such 
a patient would be given excessive insulin for his 
daytime needs. 

It is important to emphasize that the diabetic 
patient is not only insulin-deficient but that he 
lacks an adequate mechanism for the regulation 
of blood glucose. In such patients, the physician 
attempts to substitute insulin in type and amount 


For example, in 





E. D. ROBIN, D. M. TRAVIS, D. G. JULIAN AND B. R. BOSHELL 


TABLE IV 


% 
175 
173 
170 
150 
125 

93 
82 
78 
92 


Hourly nocturnal blood glucose concentrations in three subjects 
with diabetes mellitus treated with orinase 








Awake 
Asleep 
Asleep 
Asleep 
eep 
eep 
Asleep 
sieep 
eep 


As 
As 
As 
A 

As 


B. M. a a M. H. 
1.0 (Gm./day) 0.5 (Gm./day) 0.5 (Gm./day) 


Glu- Glu- Glu- 
State cose State cose State cose 





% 





mg. % mg. % mg. % 
Awake 112 Awake 130 
Awake Asleep 100 Asleep 124 
Awake Asleep 124 
Awake Asleep 92 Asleep 106 
Awake Asleep 76 Asleep 106 
Awake Awake 110 
Awake Awake 72 Awake 106 
Awake 
Awake Awake 118 
Awake 124 


mg. 
155 
155 
148 
125 
135 
102 
102 
93 
105 
122 
123 


Asleep 
Asleep 
Asleep 
Asleep 


Asleep 
i 
3 


Awake 
Asleep 


Asleep 
Asleep 


Asleep 
Awake 


236 
238 
220 
216 
200 


186 
188 
CUIAM EWEN 


Awake 
Awake 
Awake 
Awake 
Awake 
Asleep 204 
Asleep 
Awake 


that will keep the patient's blood glucose at physio- 
logic levels. However, the physician substitutes a 
biochemical substance and not a physiologic mecha- 
nism. Insulin will be released from the site of in- 
jection at a rate not determined by changes in 
blood glucose but at a rate determined by the type 
and amount of insulin. Since blood glucose con- 
centrations of patients are not usually determined 
during sleep, the discrepancies between insulin 
dosage and insulin need might be expected to be 
great during this time. If one accepts the concept 
of ideal control of diabetes mellitus as meaning 
that the blood sugar level of diabetic subjects 
should correspond to the diurnal curves of nor- 
mal individuals, then obviously greater attention 
must be paid to the hours of sleep in diabetics. 
The data on the orinase-treated patients showed 
less variation than the data on insulin-treated pa- 
tients. These data should not be interpreted as 
indicating that orinase is superior to insulin as a 
form of therapy. The orinase-treated patients 
had less severe disease than the insulin-treated 
patients. Nor does a relatively constant blood 


256 
176 
168 
160 
136 
160 
128 
140 


Asleep 236 


Awake 
Asleep 
Asleep 
Asleep 
Awake 
Asleep 
Asleep 

Awake 


Glucose 


= 
= 
< 
— 


W. P. 
20 U NPH 
State 








W.F. 
20 U NPH 


20 U Cryst. 





State Glucose 


124 
114 
108 
88 
96 
102 





ake 
eep 
eep 
eep 
eep 
sleep 


Hourly nocturnal blood glucose concentrations in eight subjects with diabetes mellitus treated with insulin 
Aw 
As 
As 
As 
As 
Ac 


glucose level necessarily indicate more effective 
cellular utilization of glucose. 


Glucose 
155 
168 
162 
175 
194 


SUMMARY 


eep 230 
eep 270 
ake 293 


State 
Awake 
Awake 
Asleep 
eep 
eep 


1. Normal subjects show essentially constant 
blood glucose concentrations during sleep. 

2. Patients with diabetes mellitus show marked 
variations in blood glucose concentrations during 


As 
As 
As 
As 
Aw 


a.m. 











12 p.m. 


mNM HINOMm sleep. 


9 
10 


il 
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3. Such variations have important therapeutic 
implications for the management of diabetic 
patients. 


men during a 24-hour period (including a dis- 
cussion on the effect of sleep and of mild exercise). 
J. biol. Chem. 1929, 81, 595. 
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The susceptibility to hemolysis following ad- 
ministration of primaquine, naphthalene and other 
drugs, as well as after the ingestion of fava beans 
was described in individuals with a defect in their 
erythrocyte metabolism (1, 2). These erythro- 
cytes manifest a number of abnormalities, namely, 
a low reduced glutathione (GSH) ievel, a gluta- 
thione instability when exposed to acetylphenyl 
hydrazine, a low glucose-6-phosphate dehydroge- 
nase activity (G6PD), high aldolase and a de- 
creased incorporation of glycine into GSH in vitro 
(3-7). The primary defect of these cells is prob- 
ably related to the low G6PD. 

This erythrocyte abnormality is transmitted by 
an incompletely dominant sex-linked gene (8, 9). 
Recently we demonstrated that the platelets of 
these individuals exhibit a decreased G6PD ac- 
tivity (10). On the other hand, Marks, Gross 
and Hurwitz have found a normal G6PD activity 
in the leukocytes of such individuals; the activity 
of this enzyme in their livers was found to be 
slightly decreased (11). 

The investigation of G6PD in leukocytes in 
our population is described in the present com- 
Contrary to the findings of Marks 
and associates, we found significantly lowered ac- 


munication. 


tivity of this enzyme in leukocytes of subjects with 
the erythrocyte defect. 


MATERIAL AND METHODS 


Blood was obtained from: a) individuals, mostly males, 
whose erythrocytes demonstrated a marked glutathione 
instability by the method of Beutler, Robson and Butten- 
weiser (5) and very low G6PD activity (these subjects 
are referred to as “sensitive’); b) females with inter- 
mediate levels of this enzyme; c) control group. 


* This work was supported by grants from the United 


States Public Health Service (Grant A-2740-Hema) 


and the Rockefeller Foundation. 


Leukocytes were isolated from 20 ml. blood (12). The 
anticoagulant solution used was 1 per cent disodium se- 
questrene, 1 per cent tritone (W.R. 1339) in U.7 per cent 
NaCl. All operations were performed at +4° C. The 
blood was centrifuged for eight minutes at 200 G. The 
supernatant platelet-rich plasma discarded. The 
buffy coat was removed, mixed with one-fifth of its volume 
polyvinyl pyrrolidone (Teva) and allowed to sediment 
for half an hour at + 4° C. in a tube at a 45° angle. The 
supernatant solution was and centrifuged at 
250 G for 10 minutes. 


was 


removed 


In order to obtain a pure leukocyte suspension the re 
maining red cells were lysed by the addition of 3 ml. 
distilled water to the leukocyte sediment. After 20 sec- 
onds 1 mil. of 3.4 per cent NaCl solution was added in 
order to readjust the isotonicity of the medium. The 
mixture was centrifuged at 1,000 G for 10 minutes and 
the pure leukocyte sediment was resuspended in 0.5 ml. 
isotonic KCl, pH 7.4. The leukocytes were disrupted by 
freezing and thawing three times, using a mixture of dry 
Leukocyte counts were performed before 
No more than 5 per cent of 


ice and acetone. 
and after this procedure. 
cells remained intact. The leukocyte extract was spun 
down at 20,000 G for 10 minutes and the supernatant was 
used for enzyme determinations. Glucose-6-phosphate 
and 6-phosphogluconic (6PGD) 
determined by a slight modification of the methods of 
Kornberg and Horecker (13) and Horecker and Smyrni- 
otis (14), respectively, as described in a previous com- 
munication (10). The volumes of the leukocyte extract 
used were such that the increase in the optical density at 
340 my following reduction of triphosphopyridine nucleo- 
tide (TPN) was between 0.07 and 0.015 per 30 seconds. 
A unit of enzyme 


dehydrogenases were 


The results were expressed in units. 
activity is expressed as the chaige in optical density per 
minute per 10° cells (O.D. per minute per 10° cells) We 
used this type of calculation in order to compare our re- 
sults with those of Marks and associates (11). 


RESULTS 


The results are summarized in Table I. The 
G6PD activity in leukocytes of the control group 
was found to be 34.7 + 11.2 units, while in the 
“sensitive” group the respective mean was 7.59 + 
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2.72 units (p < 0.001), and in the intermediate 
group 13.29 + 4.46 units. No significant differ- 
ence in the 6PGD activity was detected between 
“sensitive” and nonsensitive subjects. 

The G6PD and 6PGD activities are much 
higher in leukocytes than in platelets or erythro- 
cytes. Table II illustrates the G6PD activity in 
leukocytes, platelets and red blood cells of normal 
and “sensitive” subjects. 

Table III depicts the residual G6PD activity in 
leukocyte extracts heated for five minutes at 37° 
C. As can be seen, leukocyte extracts of “sensi- 
tive” subjects are more heat labile. However, 
since the initial enzyme levels in abnormal cells 
are much lower than those of the control group 
the validity of these results could be questioned. 


TABLE I 


Glucose-6-phosphate and 6-phosphogluconic dehydrogenase 
activities in leukocytes of normal and “‘sensitive’’ subjects 


G6PD 


activity* 


6PGD 


Subjects Number Number _activity* 





Control 26 34.70+411.20 18 8.66+3.06 
Severe deficiency 
red cellG6PD = 25 


Intermediates 7 


7.59% 2.72 11 
13.294 4.46 2 


8.64+2.63 
9.00 


*O.D. per minute per 10° leukocytes+ standard devi- 
ation. 


DISCUSSION 


Our increasing knowledge of the heterogeneity 
of enzymes raises two questions: a) Are the en- 
zymes performing the same function in different 
tissues identical or different? b) Are they con- 
trolled by the same gene or do different genes reg- 
ulate their functions? 

In congenital galactosemia, the galactose 1-P 
uridyl transferase is absent in red cells and liver 
(15). In hypophosphatasia, the enzymatic defect 
was demonstrated in serum, liver, bone, kidney, 
intestine and white blood cells (16). We have 
demonstrated a decreased G6PD activity in plate- 
lets of subjects exhibiting this abnormality in their 
erythrocytes (10). Marks and colleagues, how- 
ever, demonstrated a normal enzyme level in leu- 
kocytes of affected subjects and suggested that 
this enzymatic defect of the erythrocytes is not a 
primary but a more remote consequence of an- 
other genetic defect (11). On the other hand, we 
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TABLE II 


Comparison of glucose-6-phosphate dehydrogenase activities 
in leukocytes, platelets and erythrocytes of normal and 
“‘sensitive”’ subjects 








Erythro- 


Subjects Leukocytes* Platelets* cytes* f 





Control 
‘“‘Sensitives”’ 


34.7 +11.2 
7.594 2.72 


0.127+0.038 
0.024+0.017 


0.52+0.10 
0.08 +0.02 





*O.D. per minute per 10° cells--standard deviation. 
t Data obtained with a new batch of TPN on 16 controls 
and 5 “sensitive” males. 


demonstrated a low enzymatic activity in leuko- 
cytes of our affected subjects. It is of great in- 
terest that the enzyme level in normal leukocytes is 
much higher than in erythrocytes or platelets. 
The enzyme activity of leukocytes and platelets of 
aiected individuals is about 20 per cent of the 
normal activity. This could be related to the rela- 
tively similar survival time of platelets and leuko- 
cytes, which is of the order of 5 to 20 days, while 
the red cell survival is 120 days. 

Since the 6PGD activity is the same in normal 
and affected cells, the differences in G6PD ac- 
tivity could not be related to an incomplete release 
of the enzyme into the extract. This conclusion 
is strengthened by the fact that in several ex- 
periments we calculated the enzyme activity on the 
basis of protein concentration in the extract and 
obtained the same results (17). To exclude the 
possibility that the difference was caused by an 
increased TPNH ' oxidation in the extracts of 
affected cells, we measured TPNH oxidation rate 
of extracts obtained from platelets and leukocytes 
of normal and affected subjects and found prac- 
tically no TPNH oxidation during a 20 minute 


TABLE III 


Residual glucose-6-phos phate dehydrogenase activity of leuko- 
cyte extracts heated at 37°C. for five minutes 


Residual enzymatic activity 


Subjects in leukocytes 


% 
60-90 
0-25 


Control 
“Sensitives”’ 


1 We are indebted to Dr. Mager, Department of Bio- 
chemistry, Hebrew University Hadassah Medical School, 
Jerusalem, for his many valuable suggestions and for sup- 
plying us with TPNH. 





2236 


incubation period. The experiment was performed 
under conditions identical to those for the G6PD 
assay (17). 

We have no explanation at present for the 
discrepancy between our results and those of 
Marks and associates (11). It should be pointed 
out that we found previously a lower erythrocyte 
G6PD level in normal subjects and practically no 
enzyme activity in the erythrocytes of affected 
males. We are at present investigating this dis- 
crepancy. It appears that it was related to the 
TPN batch. We have lately investigated several 
batches of TPN and with one of the batches found 
erythrocyte enzyme values similar to those of 
Marks. These data are presented in Table IT. 

Our results show that the enzymatic defect in 
our population is not limited to the erythrocytes 
and can be demonstrated in platelets, leukocytes 
and probably in liver. 

We investigated the G6PD and 6PGD activities 
on liver obtained during operation from two “‘sen- 
sitive” females and 10 controls and found values 
of 0.100 to 0.150 O.D. per minute per 100 mg. wet 
liver tissue in normals and 0.030 and 0.025 O.D. 
per minute per 100 mg. wet liver tissue in the “sen- 
sitive” subjects. The 6PGD activities were similar 
in both groups. It will be of interest to measure 
the enzyme level in other tissues. The obtained 
results would strengthen the hypothesis, previ- 
ously suggested by us and others, that we are deal- 
ing with an enzyme that is qualitatively abnormal 
and becomes degraded more rapidly (10, 11, 18). 
This would explain our finding in “sensitive” 
subjects that a cell population with a low mean 
age, characteristic of platelets and leukocytes, has a 
higher enzyme activity than cells with a high mean 
age, for instance, erythrocytes. In order to dem- 
onstrate a qualitative difference of the enzyme we 
tried to investigate the heat stability of the leuko- 
cyte extracts. On incubating these extracts for 
five minutes at 37° C., we found a proportionally 
greater decrease of the enzyme activity in the ex- 
tracts of abnormal cells than in normal cells. 
However, since the enzymatic activity in the af- 
fected cells is much lower than in normals, the in- 
terpretation of these results is difficuit. Only iso- 
lation of the enzyme from normal and afiected cells 
and its investigation will further our knowledge 
in this field. 


RAMOT, FISHER, SZEINBERG, ADAM, SHEBA AND GAFNI 


SUMMARY 


Glucose-6-phosphate (G6PD) and 6-phospho- 
gluconic dehydrogenase (6PGD) activities were 
determined in leukocytes of individuals whose 
erythrocytes showed a deficiency of the former 
enzyme. Also a significantly lower level of G6PD 
was found in their leukocytes, whereas the 6PGD 
activity was found to be normal. 
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Variations have been shown to occur in the 
quantitative urinary excretion pattern of the me- 
tabolites of cortisol in a variety of traumatic events 
such as surgery, bone fracture and burns (1). 
The compounds evaluated were THF, allo-THF 
and THE, and it was demonstrated that the rela- 
tive proportion of THF: THE excreted during 
and after a “traumatic event” was markedly in- 
creased. In addition almost complete absence of 
allo- THF was observed in a chronically ill indi- 
vidual and it reappeared upon convalescence. The 
rate of secretion of cor’’sol was one factor involved 
in producing the increase in urinary THF: THE, 
since following the administration of adrenocorti- 
cotropin (ACTH) to normal individuals the rela- 
tive proportion of urinary THF as compared with 
THE was observed to rise (1-5). However, 
gross changes in the pattern of urinary metabo- 
lites of cortisol occurred in “traumatized” indi- 
viduals during periods of normal or even declin- 
ing adrenal activity (1). This suggested that 


* This work was supported in part by a grant from the 
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Surgeon General, Department of the Army; in part by 
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versity, and in part by grants from The Medical Founda- 
tion, Inc. and the American Legion Child Welfare 
Foundation to the Children’s Hospital. The assistance of 
Winthrop Laboratories and the Upjohn Company is 
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Laboratory for Surgical Research, Harvard Medical 
School and completed at the Children’s Hospital, Boston, 
Mass. 

1 The compounds referred to are cortisol or F ; cortisone 
or E; 3a,118,17a,21-tetrahydroxy-58-pregnan-20-one, tetra- 
hydrocortisol or THF; 3a,118,17a,21-tetrahydroxy-5a- 
pregnan-20-one, allotetrahydrocortisol or allo-THF; 3a,- 
17a,21-trihydroxy-58-pregnan-11,20-dione, tetrahydrocorti- 
sone or THE; 3a,118,17a,208,21-pentahydroxy-5f-preg- 
nane or cortol ; 3a,17a,208,21-tetrahydroxy-58-pregnan-11- 
one or cortolone. 


1959; accepted August 31, 1959) 


factors other than the rate of adrenal secretion 
were involved in altering the rates of excretion of 
the numerous metabolites of cortisol. It became 
clear that knowledge concerning the pathways of 
metabolism, the pool sizes of the metabolites and 
the relative rates of formation of the individual 
metabolites from cortisol would prove valuable 
in interpreting the urinary excretion patterns of 
these compounds.? Consequently these studies 
were undertaken to determine the extent of the 
reaction THF = THE in volunteer subjects with 
and without the administration of ACTH; the 
pathways for the formation of THF, allo-THF, 
THE and cortolone from cortisol; the miscible 
pool size of THF, allo-THF, THE and cortolone ; 
and the possibility of determining the overall rates 
of formation of THF, allo-THF and THE. This 
work was performed in volunteer subjects with 
cortisol-4-C"* as a tracer. 


METHODS 


General plan. Tracer doses of cortisol-4-C™* (1 uc., 
about 250 wg.) were administered intravenously to nor- 
mal volunteer subjects and urine samples were collected 
every 15 minutes. The specific activity of cortisol and 
its metabolites was determined as a function of time, 
and pool sizes and pathways were determined by isotope 
dilution procedures after the intravenous administra- 
tion of small amounts of unlabeled cortisol metabolites. 
The rates of formation of these metabolites were com- 
puted in several instances using the criteria described by 
Zilversmit, Entenman and Fishler (6). 

Subjects. All subjects were normal healthy volun- 
teers between 20 and 35 years of age. With one exception, 
all were male. Several of the subjects received an in- 
travenous infusion of ACTH beginning four hours prior 
to the injection of radioactive cortisol and continuing 
throughout the experiment. The ACTH dose was calcu- 
lated as 25 I.U. per eight hours. The remaining indi- 


2The word metabolism as used denotes oxidation or 
reduction of the steroid molecule whereas conjugation is 
used to refer to the chemical binding of the steroid moiety 
with glucuronic acid. 
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viduals received no steroid or ACTH during the course 
of the experiment. Oral or intravenous fluids were used 
to maintain urine flow during the 15 minute collection pe- 
riods. For those not receiving ACTH the experiment 
was begun as soon as a satisfactory urine flow was ob- 
tained. All subjects were at bed rest for the duration 
of the experiment, except when they stood to void. An 
indwelling urethral catheter was employed in the fe- 
male subject. 

Steroids administered. In general, solutions of steroids 
for intravenous administration were prepared by weighing 
a known quantity of the compound into a clean vial, add- 
ing 1 to 2 ml. 70 per cent ethanol, capping the vial, and 
allowing it to stand overnight. The following morning 
5 to 10 ml. sterile saline was added and the solution 
tested for sterility prior to use. 

Cortisol-4-C*, The cortisol-4-C* was made available 
through the courtesy of the Endocrinology Study Sec- 
tion of the United States Public Health Service. One 
uc. of the compound corresponded to approximately 250 
ug. of steroid and on chromatography, 92 to 94 per cent 
of the radioactivity migrated with cortisol while approxi- 
mately 5 per cent of the radioactivity was more highly 
polar and about 2 to 3 per cent somewhat less polar than 
cortisol. Our analysis corresponds to that issued by 
the Endocrinology Study Section. The cortisol-4-C™ was 
used without further purification. 

The THF and THE administered intravenously for 
the isotope dilution experiments were analyzed for sev- 
eral possible contaminants by chromatographing large 
quantities of the compounds and quantitatively analyzing 
specific contamination areas.4 No s‘gnificant amounts 
(less than 3 per cent) of THE or “20-hydroxylated com- 
pounds” were found in the THF and less than 1 per cent 
of THF or “20-hydroxylated compounds” was found in 
the THE. The f-cortolone was used directly.5 

Analytic methods. Plasma and urines were extracted 
three times with double volumes of chloroform, the ex- 
tract washed quickly twice with 1:20 volume 0.01 N 
sodium hydroxide and once with 1:20 volume of water. 
The solvent was dried with sodium sulfate and evapo- 
rated in vacuo. The extract containing the “free” (non- 
conjugated) F was chromatographed on paper overnight 
in the modified Bush (7) system, 3 volumes toluene: 1 
volume 75 per cent methanol in water at 32°C. Quanti- 

3 At times large variations in the 15 minute urine out- 
put occurred even though fluid intake was regulated. 
However these variations did not alter the 15 minute ex- 
cretion of metabolite. As an extreme example, in one in- 
dividual 15 minute urine volumes showed a 10-fold varia- 
tion from 12 ml. to 137 ml. while allo-THF excretion was 
25 wg. and 27 ug. per 15 minutes, respectively. 

4 Quantitative determinations of THF and THE were 
carried out by the Porter-Silber reaction. The Zimmer- 
mann reaction, after periodic acid oxidation, was em- 
ployed to evaluate “20-hydroxylated compounds.” 

5 The B-cortolone was graciously supplied by David K. 
Fukushima and Thomas F. Gallagher of the Sloan-Ketter- 
ing Institute for Cancer Research, New York. 
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tative fluorescence analysis for cortisol was carried out 
according to Sweat (8) and Peterson and Wyngaarden 
(9). Radioactive determinations were performed in a 
Nuclear-Chicago, b-47 windowless flow counter, 40 per 
cent efficient, at infinite thinness. Background was 20 
counts per minute (cpm) and all samples were counted 
in duplicate with a maximal probable error of 3 per cent. 
Minimal counts collected for each sample were 1,280. 
All specific activities are expressed as cpm per microgram 
of steroid. 

To obtain the conjugated metabolites the urine samples 
were subsequently treated with f-glucuronidase,® at a 
final concentration of 200 Fishman units per ml. for three 
days at 37° C. at pH 5.0 or overnight at 47° C. and the 
same pH with 1,000 Fishman units per ml. The urine 
was extracted as described for the “free” fraction. The 
extract was chromatographed on paper for 39 hours in 
the toluene-methanol-water system. The THF, allo-THF 
and THE areas were located by dipping a 2 mm. wide 
center strip in alkaline blue tetrazolium. The peaks in 
blue formazan stain coincided with the location of radio- 
active peaks (1). The THF, allo-THF and THE areas 
were eluted with ethanol and their specific activities de- 
termined. The latter steroids were evaluated by the 
Porter-Silber reaction (10) using THF and THE as 
standards. The cortolone area? was located by eluting 1 
cm. strips in the portion of the chromatogram corre- 
sponding to the migration of authentic 6-cortolone. Ali- 
quots of these eluates were counted and the radioactive 
peak was pooled, oxidized with periodic acid (11) and 
chromatographed for eight hours at 32° C. ina system com- 
posed of equal volumes of 67 per cent ligroin in toluene 
and 75 per cent methanol in water. The radioactive peak 
corresponding to the migration of 11-ketoetiocholanolone 
was eluted and its specific activity determined by using 
the Zimmermann reaction for the quantitative estimation 


6 Ketodase®, a product of the Warner-Chilcott Labora- 
tories, Warner-Lambert Pharmaceutical Co., New York, 
N. Y., was the §-glucuronidase preparation used. 

™The a- and f-cortolone are not separated by this 
chromatographic system. 
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Fic. 2. Specrric ACTIVITIES OF SEVERAL URINARY CorTISOL METABOLITES AFTER RAPID AD- 
MINISTRATION OF TRACE QUANTITIES OF CortisoL-4-C“ To NorMAL MALE VoLUNTEERS RE- 
CEIVING NO Exocenous ACTH 

The data illustrate the small extent of the interconversion of the metabolites THF and THE.1 


(a) D.B., age 22 years; no unlabeled metabolite given. The dip in specific activities at 100 
minutes may be the result of a small increase in the rate of secretion of cortisol by the 
adrenal. 
(b) D.B., age 22 years; unlabeled THE administered. Note the minor fall in specific ac- 
tivity of THF after the THE is administered. This suggests little conversion of THE 
to THF. Compare with (a). 
(c) J.L., age 22 years; unlabeled THF administered. Note the negligible fall in specific ac- 
tivity of THE. 
Figure 2 continued on following page 
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Fic. 2—Continued 


(d) J.C., age 26 years; unlabeled THF and THE administered. Note some conversion of 


THF to THE. 


(e) WSS., age 35 years; unlabeled THE administered. Note the relative lack of conversion 


of THE to THF. 


i 


Figure 2 continued on following page 
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(f) E.K., age 21 years; unlabeled THE and THF administered. Note some conversion of 


THE to THF. 


and expressing the micrograms of steroid as cortolone. 
Although B-cortol separated distinctly from 
cortolone, no significant quantities of the cortols were 


authentic 


found in the urine samples of Figures 5 and 8. 


RESULTS 
“Interconversion” of THF and THE 


The reaction 
extensively after the administration of either 
The isolation of 


11-hydroxy = 11-ketone occurs 


cortisol or cortisone to man. 
similar urinary metabolites after either cortisol 
or cortisone administration (12-14) strongly sup- 
ports this contention. However, even though the 
chemical difference between THF and THE in- 
volves the same oxygen grouping at position 11 
of the steroid nucleus as in compounds F and EF, 
the two metabolites do not readily interconvert. 

In the simplified diagram of Figure 1, which il- 
lustrates one major sequence in the metabolism of 
cortisol in the human, the formation of THF and 
THE are shown to proceed via F and E, re- 
spectively, while the interconversion of THF and 
THE is indicated as being minimal. Evidence 
that the interconversion of THF and THE is a 
minor pathway was obtained in several experi- 


ments in which the specific activities of these me- 
tabolites were determined as a function of time 
after the administration of 1 pc. cortisol-4-C'* (see 
Methods). The specific activity of each metabo- 
lite reaches a peak and then slowly declines in 
characteristic fashion (15). Such specific activity 
curves in a normal male (D.B., age 22 years) who 
received no exogenous ACTH during the course 
of the experiment is illustrated in Figure 2(a). 
This figure should be compared with Figure 2(b) 
which shows the data from the same individual 
using the identical protocol except that 2 mg. un- 
labeled THE was administered during the course 
of the experiment. In the latter figure there is 
a sharp decrease in the specific activity within the 
THE pool following the administration of the un- 
labeled THE, but there is little or no drop in the 
specific activity of THF as a consequence of the 
conversion of “cold” THE to THF. In the same 
type of experiment, Figure 2(c), unlabeled THF 
was administered intravenously to a normal male 
(J.L., age 22 years). This subject also did not 
‘receive exogenous ACTH. The decline in spe- 
cific activity of the THF pool is not accompanied 
by any observable decrease in the THE specific 
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Data taken from six normal volunteer subjects. The straight line was 
drawn with a slope of 1. 
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Speciric ACTIVITIES OF URINARY CoRTISOL METABOLITES AFTER 


Rapm ADMINISTRATION OF 4-C™-Cortiso. TO A NorMAL FEMALE, M.L.P., 


Ace 24 YEARS 


Subject received continuous ACTH infusion throughout the experiment. 
The data, which indicate the relative conversions of the metabolites, were 


used to compute pool sizes and rates of formation of metabolites. 


Refer to 


Figures 6 and 7 for additional data from this experiment. 


activity. The results of the experiments of Fig- 
ures 2(b) and 2(c) indicate that little THF is 
formed from THE and little THE is formed via 
THF. The experiments of Figures 2(d) through 
2(f), also performed in normal individuals who 
did not receive exogenous ACTH, confirm the ob- 
servations cited above. The conversion of a small 
amount of THF to THE is evident from the de- 
cline in THE specific activity upon the adminis- 
tration of unlabeled THF in Figure 2(d). Simi- 
larly a small conversion of THE to THF is noted 
in Figure 2(f) after the administration of the un- 
labeled THE. When volunteer subjects were 
maintained at a high steady adrenal secretory rate 
by continuous infusion of ACTH during the entire 
course of the experiment (Figures 3, 5 and 8) 
similar results relating to the interconversion of 
THF and THE were obtained. It can be con- 
cluded (see Figure 1) that in “normal” individuals 
the major pathway for the formation of THF is 
via F and the major pathway for the formation of 
THE is via E. Only minor interconversions of 


THF and THE occur (16, 17). 


Further metabolite interconversions 


In studies such as these one must assume that 
the specific activities of compounds obtained at any 
time from the urine represent a true sampling of 
the specific activities of the same compounds from 
the body pool. Fortunately, plasma and urine 
cortisol specific activities from six subjects do 
show a 1:1 correlation (Figure 4). Unfortu- 
nately, it has not been possible to demonstrate a 
similar correlation for each metabolite since their 
plasma concentrations are too low for accurate 
analysis. 

More detailed studies are shown in Figures 5 
and 8, which represent the “steady state” condi- 
tion in two normal individuals during ACTH in- 
fusion. After the administration of unlabeled 
THF there is a sudden fall in the cortolone specific 
activity indicating the transformation of THF to 
cortolone. The subsequent rise in cortolone 
specific activity prior to the administration of un- 
labeled THE is due to the continued transforma- 
tion of cortisol to cortolone via intermediates 
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other than THF. Following the administration of 
unlabeled THE there is another decrease in cor- 
tolone specific activity which is consistent with the 
observation (18, 19) that THE is also a precursor 
of cortolone. Quantitative values for the extent 
of conversion of THF and THE to cortolone are 
not deducible from Figures 5and 8. The decreases 
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in cortolone specific activity occur abruptly and 
rise sharply. There is no indication that simple 
isotope dilution calculations can be applied under 
these circumstances. Consequently ithe data do 
net make it clear whether THF proceeds to corto- 
lone via THE or perhaps an unknown pathway. 
The rather sharp increase in cortolone specific ac- 
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tivity, which occurs just prior to the intravenous 
addition of 8-cortolone, suggests that there is yet 
another pathway of cortolone formation not in- 
volving either THF or THE as intermediate. 

The figures clearly demonstrate that the allo- 
THF specific activity is not influenced by the 
addition of the unlabeled intermediates. Hence, 
once the double-bond in ring A has been reduced 
to the 58 configuration, as in THF, THE and 
cortolone, there is no subsequent unsaturation and 
formation of allo-THF that has the 5a configura- 
tion. Therefore allo-THF is not formed from 
either THF, THE or £-cortolone. 

Although a conversion of cortolone to THF 
and TH: is not evident by isotope dilution after 
addition of unlabeled B-cortolone, urinary excre- 
tion data suggest that these latter conversions may 
occur. Figure 6 expresses the amount of each 
urinary metabolite excreted per 15 minutes for the 
subject of Figure 5. Small variations in the 15 
minute excretions of the metabolites prevent a 
clear visualization of the conversion of one metabo- 


lite to another. As an exception, after the ad- 


Ape. CORTISOL-4-C'* 


Img. THF 
er 
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ministration of cold THE the increased excretion 
of THF is evident and indicates the conversion of 
THE to THF. Because of possible variations in 
a) adrenal secretory rate, b) renal function, c) 
completeness of 8-glucuronidase hydrolysis or d) 
the extent of recovery, the amount of each metabo- 
lite excreted per 15 minutes is expressed in Fig- 
ure 7 as a fraction of the allo-THF whose quantity 
is assumed not to vary with the administration of 
the “coid” THF, THE and £-cortolone. This 
latter figure shows the small increases in excre- 
tion of several metabolites after the administration 
of the “cold” steroid and hence is consistent with 
the interconversions, although small, of THF, 
THE and cortolone. 


Pool sizes 


Pool size of cortisol. The pool size of cortisol 
was calculated by dividing the total radioactivity 
injected (corrected to 92 per cent purity) by the 
specific activity of the cortisol extrapolated to time 


zero. The latter value was obtained. from a 
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Fic. 8. Specrric Activities oF URINARY CorTISOL METABOLITES AFTER 
Rapip ADMINISTRATION oF 4-C“-CorTIsoL TO A NorMALt MAteE, E.K., AGE 


21 YEARS 


Subject received continuous ACTH infusion throughout the experiment. 
Note similarity to Figure 5. The double dashed line is a crude extrapolation 
of the THE curve as it might appear if the added f-cortolone were not con- 
verted to THE (refer to Results, Pool Sizes). 
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TABLE I 
Readily miscible pool size and rates of formation of cortisol metabolites during adrenocorticotropin administration * 








Pool 
sizet 


Rate of 
Patient formation* 
d) 


Compound 
(a) (b) 


Ratio from 
urinary 
excretion 

( 


Ratio from 
Metabolite calculated 
ratio pools 


(e) (f) 





mg. per 24 hr. 
THF ; 65 
Allo-THF : 18 
THE 3. 72 
Cortolone . 


M.L. P. 
female 
24 years 


155 
F , 195 


E. K. THF ; 50 
male Allo-THF : 33 
21 years THE : 81 

Cortolone : 


164 


F 16.6|| 211 


THF : THE 
THF : Allo-THF 
THF : Cortolone 


THF : THE 
THF : Allo- THF 
THF : Cortolone 





* Refer to Methods and Results for details. 
100 ml. plasma, were 51 for M. L. P. and 37 for E. K. 


“Steady state’’ plasma cortisol concentrations, in micrograms per 


¢ Calculated by isotope dilution unless otherwise indicated. 
} It can be seen in Columns (f) and (g) that the relative amounts of the metabolites, THF and THE, excreted per 


15 minutes as the glucuronides, are proportional to the size of the pools calculated by isotope dilution. 


where ‘‘a”’ 


were calculated for allo-THF and cortolone. 
§ Cortolone includes both 20a and 208 isomers. 


Hence, ‘“‘a” = kN, 


\ is the amount of metabolite excreted per 15 minutes, N is the pool size and k is a proportionality factor; k 
is 3.6 X 107? per 15 minutes for M. L. P. and 2.2 K 10 per 15 minutes for E. K. 


Knowing k and “a,” pool sizes 


|| Total radioactivity injected divided by cortisol specific activity extrapolated to time zero. Cortisol half-life for 


M. L. P. is 88 minutes, for E. K., 78 minutes. 


method of least squares plot of the log (cortisol 
specific activity) as a function of time. 

Metabolite pool size, by isotope dilution. The 
fall in specific activity after the addition uf non- 
labeled metabolite can be used to determine the 
readily miscible pool size of a given cortisol me- 
tabolite by applying the following general isotope 
dilution formula: 


N (s.a.)o = (N + n)(s.a.)1 


We ae nadir 
(s.a.)o — (S.a.)1 
where N = miscible pool size in milligrams prior 
to addition of diluent; n = milligrams unlabeled 
diluent added to pool (corrected for a small loss 
of diluent excreted and for conversion of unlabeled 
diluent to other metabolites); (s.a.)o = specific ac- 
tivity prior to addition of diluent; (s.a.); = spe- 
cific activity after addition of diluent. 


The value for the specific activity of the metabo- 
lite after mixing with the unlabeled diluent, (s.a.),, 
is taken at the region in which the specific activity 


reaches a plateau. It is assumed that at this pla- 
teau the added metabolite is homogeneously mixed 
with all or the major portion of the metabolite 
pool. The latter is sometimes referred to as the 
“readily miscible pool.” In some instances the 
plateau is clearly defined; in others it is not. As 
an example, in Figure 5, the THF plateau is ap- 
parent 30 minutes after the administration of 
“cold” THF, whereas the THE plateau is not 
reached until 75 minutes after the addition of un- 
labeled THE. Unfortunately, in the THE curve 
of Figure 8 the “plateau” afier the administra- 
tion of “cold” THE is not reached prior to the 
injection of B-cortolone. Our observations on the 
conversion of £-cortolone to THE would explain 
the failure of the THE curve to attain the ex- 
pected plateau. Consequently, it was necessary 
to extrapolate roughly the expected THE “plateau.” 
This is indicated by the double lines during the 
last period of Figure 8. In the future, increasing 
the time interval between additions of cold diluent 
will assist greatly in locating these plateaus with- 
out resorting to extrapolations. 
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Metabolite pool size calculated from urinary ex- 
cretion data, It is difficult to determine pool size 
hy isotope dilution procedures in those instances 
when metabolites are not available as diluents or 
when it is not possible to locate the plateau after 
dilution. In such situations it is possible to esti- 
mate pool size if the rate of excretion of urinary 
metabolites is known. In the “steady state” the 
rate of excretion of metabolites is relatively con- 
stant prior to the administration of diluents (Fig- 
ure 6). If the metabolite pool exists mainly in 
the form of metabolite-glucuronidate, then the rate 
of excretion of each metabolite-glucuronidate 
should be proportional to the pool size. Hence, 
a = kN, where “a” is the amount of metabolite ex- 
creted per 15 minutes, k is a proportionality fac- 
tor and N is the pool size. In each of the two ex- 
periments in Table I, k was found to be identical 
for THF and THE. For subject M.L.P., k was 
3.6 x 10°* per 15 minutes; for E.K., k was 2.2 x 
10°* per 15 minutes. That the same values of k 
were obtained for THF and THE merely implies 
that once conjugation with glucuronic acid has oc- 
curred the steroid-conjugate is so highly polar 
that small differences in the steroid moiety play 
little or no role in determining the rate of excre- 
tion of the steroid-conjugate. This implies that, 
in any given individual, k is identical for all cor- 
tisol-metabolite-glucuronidates. 

By substituting the measured value of “a 
the value of k, previously calculated for THF and 
THE, N (the pool size) was determined for allo- 
THF in both subjects of Table I and for cortolone 
in Subject E.K. It can be seen, Column (g), that 
the relative proportions of the metabolites excreted 
per unit time, are equal to the ratio of the calcu- 
lated pool sizes of the same compounds, Column 
(f). This is consistent with the assumptions made 
concerning the relationship of pool size to the rate 
of excretion of steroid-glucuronidate. 

Rates of formation of metabolites. A method 
for computing the rate of formaton of a metabolite 
from its precursor in a biologic system has been 
clearly described by Zilversmit and associates (6). 
It is necessary to assume that the metabolite is in 
the steady state during the interval of the study, 
that is, its rate of appearance must equal its rate 
of disappearance and this rate must be constant. 
In addition, it is imperative that random treat- 
ment of all molecules occur. 


and 


If these assumptions 


_ over of the secreted cortisol. 


SMITH AND F. D. MOORE 


hold, then, in a graph of the specific activities of 
precursor (cortisol) and metabolite as functions of 
time, the specific activity curve of the precursor 
will intersect the specific activity curve of the 
metabolite at the maximum of the metabolite curve. 
The data of Figure 3, in which no unlabeled me- 
tabolites were administered, as well as the data of 
Figures 5 and 8, meet these criteria for THF, 
allo-THF and THE. Consequently Zilversmit’s 
formulas were applied to calculate the rates of 
formation of THF, allo-THF and THE. The 
formulas are as follows: 
p= a and t= A 
tt m 

where p = rate of formation of metabolite (amount 
formed per unit time); N = pool size of metabo- 
lite (amount); t, = turnover time (time neces- 
sary to form an amount of metabolite equal to 
the pool size); A = area (determined graphically) 
between the specific activity curves (as a function 
of time) of the precursor and metabolite during 
an arbitrary time interval, tp — t;. The units of 
A are specific activity X time; m = difference be- 
tween the specific activities of the metabolite at 
te and ty. 


on, of cortisol, 
which in the steady state is equivalent to the 
amount of cortisol removed from the body pool 
per unit time either by conversion to metabolites 
or by excretion as “free” cortisol, was calculated 
as In 2/ti2 X pool size where ty,/2 is the biologi- 
cal half-life of the isotopically-labeled cortisol 


The turnover, or rate of s 


(20). The biological half-life, or the time neces- 
sary to reduce the specific activity of the cortisol 
pool to one-half value, was obtained from the 
slope of the straight line, computed by the method 
of least squares, of a plot of the log of the specific 
activity of cortisol as a function of time. 

The rates of formation, p, for the various me- 
tabolites are shown in Table I, Column (d), along 
with the rate of secretion of cortisol. It can be 
seen that the sum of the rates of formation of the 
three metabolites, THF, allo-THF and THE, rep- 
resent approximately 80 per cent of the total turn- 
These metabolites, 
in turn, may be converted in part to other com- 
pounds. Data herein presented suggest that THF 
and THE may be transformed into cortolone. It 
seems logical that the former two metabolites may 
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also be converted to ketosteroids (21) and to the 
cortols (22). Since the size of the metabolite pool 
that exists during the steady state is the resultant 
of the rate of formation of this metabolite minus 
its rate of excretion plus transformation to other 
steroids, there may be considerable difference be- 
tween the relative pool sizes of the metabolites and 
the relative rates of formation of the same com- 
pounds, For example, in Table I, it is clear that 
even though the ratio of the sizes of the THF and 
THE pools is approximately 1:1 for both sub- 
jects, the rates of formation of THF are sig- 
nificantly Jower than the rates of formation of 
THE and hence the smaller pool size of THE is 
indicative of the transformation of this metabolite 
to other steroids. 

The sum of the rates of formation of the metabo- 
lites THF, allo-THF and THE total about 50 mg. 
less than the turnover of cortisol. Hence certain 
of the metabolites of cortisol may not pass through 
the aforementioned three metabolites as intermedi- 
ates. It may be inferred that this difference of ap- 
proximately 50 mg. will include small amounts 
of cortisol itself, cortisone, a portion of the cortols 
and cortolones, 20e-hydroxy-cortisol (23, 24), 


208-hydroxycortisol (24, 25), 68-hydroxycortisol 
(26), 11 ketoandrosterone (21) and a portion of 
118-hydroxyandrosterone (21). 


DISCUSSION 


Evidence presented in this study indicates that 
two of the major metabolites of cortisol, THF 
and THE, are derived essentially from cortisol and 
cortisone, respectively. Although there is some 
interconversion of THF and THE, this does not 
appear to be a major pathway for the formation of 
either THF or THE. It cannot be implied that 
enzyme systems capable of transforming THF = 
THE are actually deficient. If conjugation with 
glucuronic acid prevents further transformation of 
the steroid then it is possible that the rate of con- 
jugation of the cortisol metabolites may be an im- 
portant factor in limiting the interconversion of 
certain of the metabolites. In addition, there is no 
perceptible conversion of THF, THE or £-corto- 
lone to allo-THF, suggesting that once the double 
bond of ring A of the steroid nucleus has been 
reduced to form compounds such as THF and 
THE with the 58 configuration, there is no un- 


saturation with subsequent reduction of the double 
bond to the 5a or “allo-” configuration. Further 
evidence suggests the in vivo interconversion, to 
a small extent, of the compounds THF = corto- 
lone and THE = cortolone. 

The kinetic methods employed in this study in- 
volve isotope dilution procedures carried out 
within a complex body pool. The kinetics of the 
distribution of chemical substances within biologi- 
cal compartments have been described by numer- 
ous investigators (15, 20, 27). Certain aspects 
of the kinetics of distribution of cortisol in man 
have been discussed by Hellman, Bradlow, Fra- 
zell and Gallagher (28) and Peterson and associ- 
ates (29), while other studies (30-32) have been 
concerned with measurements of the “half-life” 
of plasma cortisol in various physiological con- 
ditions. Implicit in these studies is the concept 
that if first-order kinetics prevail then half-lives 
can be computed. Unfortunately such studies do 
not yield any information concerning pool’ sizes 
of various steroids, rates of formation of individual 
metabolites or the various chemical pathways of 
metabolism that occur. However, the mathemati- 
cal treatment applied by Zilversmit and co-workers 
(6) makes possible the calculation of the rate of 
formation of a substance from its immediate pre- 
cursor. In reference to cortisol this makes feasible 
the calculation of the rates of formation of several 
of its metabolites such as THF, allo-THF and 
THE. Hence, one can add to the quantitative 
evaluation of urinary metabolites an additional 
rate parameter to aid in relating the metabolism of 
cortisol to the pathological condition of the indi- 
vidual. It cannot be emphasized too strongly, 
however, that such calculations attempt to de- 
scribe the body pool as a whole and because of 
this gross treatment, changes in the kinetics of 
cortisol metabolism, which are small or slow in 
comparison to total changes, may be overlooked. 

In the kinetic data derived for the two individu- 
als receiving adrenocorticotropin (Table I), the 
criteria outlined by Zilversmit and associates (6) 
was met, and good agreement between pool size 
and urinary excretion data was obtained. This 
latter agreement is consistent with the concept 
that the miscible metabolite pools exist largely as 
glucuronides and that there is little or no dis- 
crimination by the kidney between the different 
metabolite-glucuronides, 
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The marked contrast between the type of data 
obtained from the amounts of metabolite excreted 
per unit time and from the rates of formation of 
metabolite is well illustrated for both patients in 
Table I. The relative proportion of THE: allo- 
THF excreted is 1.6 for M.L.P. and 0.91 for 
E.K., whereas the relative proportion of the 
rates of formation for THE: allo-THF is 4.0 for 
M.L.P. and 2.5 for E.K. It is obvious that an 
estimation of the relative rates of formation of 
metabolites based on their relative quantities in 
the urine can be grossly misleading. 

Another interesting observation concerns the 
probable lack of chemical transformation of the 
steroid moiety once conjugation with glucuronic 
acid has taken place. The data of Figure 5, sug- 
gest that the steroid-glucuronic acid conjugate is 
not further altered at positions C-11 and C-20. In 
this figure it can be seen that upon the addition of 
unlabeled THF the specific activities of THE and 
cortolone are lowered. This is attributable to the 
formation of a small quantity of THE and corto- 
lone from the sudden infusion of unconjugated, 
nonradioactive THF. Since the unconjugated 
THF is rapidly transformed into THF-glucu- 
ronide, the decreases in specific activity of THE 
and cortolone are abrupt. There is not a con- 
tinuous fall in specific activity of THE and corto- 
lone as one might expect if any substantial 
amount of conjugated THF of specific activity, 11 
cpm per pg. (THF specific activity after ad- 
ministration of unlabeled THF) were continu- 
ously being transformed into THE and cortolone. 
After the administration of unlabeled THE simi- 
lar results can be seen in the cortolone curve. 
Such observations are consistent with the concept 
that once conjugation with glucuronic acid has 
occurred no further alteration of the steroid me- 
tabolite occurs at the two positions, C-11 and 
C-20. In view of these considerations the small 
amount of conversion of one metabolite to another 
may be the result of the removal of metabolite by 
conjugation rather than the result of a lack of 


enzyme systems capable of performing the reversi- 
ble reduction at position 11 or position 20. 

The role of protein-binding in these studies is 
It would appear that if in vivo pro- 
tein-binding of steroids is extensive (33, 34) its 
nature is such that it does not prevent either the 


unknown. 
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ready mixing of cortisol and its metabolites or the 
rapid metabolism of cortisol. 

Several investigators (1, 31, 35, 36) have:sug- 
gested that the quantitative aspects of the metabo- 
lism of steroid hormones may aid in evaluating the 
role these hormones play in physiological proc- 
esses. Hence, the results of these current studies 
are most encouraging. Further work correlating 
urinary excretion data, metabolite pool size, rates 
of formation of metabolites and metabolite inter- 
conversions in the steady state are in progress. 
It is necessary that extensive quantitative data, 
consistent in all aspects, be obtained to establish 
isotope dilution techniques for determining the 
rates of transformation of cortisol to specific me- 
tabolites in man. 


SUMMARY 


Several aspects of the kinetics of cortisol me- 
tabolism were investigated in normal adult vol- 
unteers after the rapid intravenous administra- 
tion of trace amounts of cortisol-4-C'*. One 
group was maintained on a constant infusion of 
adrenocorticotropin begun four hours prior to 
the injection of cortiscl-4-C'* and continued 
throughout the experiment. 

The specific activities, counts per minute per 
microgram, of several cortisol metabolites were 
evaluated in urine samples collected every 15 min- 
utes. Cortisol specific activities were determined 
in both plasma and urine. The metabolites evalu- 
ated were cortolone (3a, 118, 17a, 20a or B, 21- 
pentahydroxy - 58-pregnane), tetrahydrocortisol 
(3a, 118, 17a, 21-tetrahydroxy-58-pregnan-20- 
one), allo-tetrahydrocortisol (3a, 118, 17a, 21- 
tetrahydroxy-5a-pregnan-20-one) and tetrahydro- 
cortisone (3a, 17a, 21-trihydroxy-58-pregnan-11, 
20-dione). 

During the course of the experiments small 
amounts of nonlabeled metabolites were adminis- 
tered intravenously. From changes in specific 
activities of each metabolite and from the amounts 
of metabolite excreted per 15 minutes the follow- 
ing information was obtained : 

Interconversion of metabolites. Two of the ma- 
jor metabolites of cortisol, tetrahydrocortisol and 
tetrahydrocortisone, are derived mainly from cor- 
tisol and cortisone, respectively. There is little in- 
terconversion of these two metabolites. 
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The specific activity of the metabolite, allo- 
tetrahydrocortisol, was not altered by the addition 
of either unlabeled tetrahydrocortisol, tetrahydro- 
cortisone or B-cortolone. Hence, these metabolites 
are not converted to allo-tetrahydrocortisol The 
implications of this lack of conversion are dis- 
cussed. 

The fall in cortolone specific activity after the 
addition of unlabeled tetrahydrocortisol and tetra- 
hydrocortisone suggests that these two compounds 
may be, to some extent, precursors of cortolone. 

Pool sizes of metabolites. ‘Readily miscible” 
pool sizes of metabolites were calculated from the 
isotope dilution data and from urinary excretion 
values. 

“Rates of formation” of metabolites. In two 
studies performed during adrenocorticotropin ad- 
ministration, the “rates of formation” (milligram 
per 24 hours) of tetrahydrocortisol, allo-tetrahydro- 
cortisol and tetrahydrocortisone were computed 
from the kinetic data. The sum of the “rates of 
formation” of these three metabolites accounted for 
approximately 80 per cent of the total turnover of 
cortisol. 

It is suggested that additional similar studies 
may aid in correlating cortisol metabolism with 
altered physiology in man. 


ACKNOWLEDGMENTS 


The authors wish to thank Merck and Co., Inc., Rah- 
way, N. J. and Upjohn Laboratories, Kalamazoo, Mich., 
for supplies of steroids. Miss Joanna F. Hamann de- 
serves our deepest appreciation for her patience and 
technical skill in carrying out much of this investigation 


REFERENCES 


1. Gold, N. I., Singleton, E., Macfarlane, ‘D. A., and 
Moore, F. D. Quantitative determination of the 
urinary cortisol metabolites, “tetrahydro F,” “allo- 
tetrahydro F” and “tetrahydro E”: Effects of 
-adrenocorticotropin and complex trauma in the 
human. J. clin. Invest. 1958, 37, 813. 

2. Gold, N. I., Macfarlane, D. A., and Moore, F. D. 
Quantitative urinary 17-hydroxycorticoid patterns: 
Effect of ACTH and “operative stress.” J. clin. 
Endocr. 1956, 16, 282. 

3. Bush, I. E., and Willoughby, M. The excretion of 
allo-tetrahydrocortisol in human urine. Biochem. 
J. 1957, 67, 689. 

4. Romani, J. D. Etude de I’élimination urinaire des 
corticoides a-cétoliques chez le sujet normal et au 
cours de la fatigue chronique. III. Action de 
ACTH sur l’élimination ‘ies catabolites du corti- 


. Peterson, R. E., Pierce, C. E., 


. Schneider, J. J., Lewbart, M. L., 


sol et de la corticostérone. C. R. Soc. Biol. 
(Paris) 1957, 151, 679. 


. Baulieu, E. E., and Jayle, M. F. Etude de l’équilibre 


entre 11-8- liydroxy- et il-cétostéroides. I. 
Mesures de !a cortisone, du cortisol et de leurs 
metabolites tétrahydrogénés urinaires, aprés ad- 
ministration de cortisone, cortisol et ACTH a 
l'homme. Bull. Soc. Chim. biol. (Paris) 1957, 39, 
37. 


. Zilversmit, D. B., Entenman, C., and Fishler, M. C. 


On the calculation of “turnover time” and “turn- 
over rate” from experiments involving the use of 
labeling agents. J. gen. Physiol. 1943, 26, 325. 


. Bush, I. E. Methods of paper chromatography of 


steroids applicable to the study of steroids in mam- 
malian blood and tissues. Biochem. J. 1952, 50, 


370. 


. Sweat, M. L. Sulfuric acid-induced fluorescence of 


corticosteroids. Analyt. Chem. 1954, 26, 773. 


. Peterson, R. E., and Wyngaarden, J. B. The miscible 


pool and turnover rate of hydrocortisone in man. 
J. clin. Invest. 1956, 35, 552. 


. Porter, C. C., and Silber, R. H. A quantitative color 


reaction for cortisone and related 17, 21-dihydroxy- 
20-ketosteroids. J. biol. Chem. 1950, 185, 201. 


. Wilson, H., and Fairbanks, R. A micromethod for 


detection and assay of steroid C,, 17-hydroxy-a- 
glycols. Arch. Biochem. 1955, 54, 457. 


2. Gray, C. H., and Lunnon, J. B. Interconversions of 


compounds E and F in the human. J. Endocr. 1956, 
13, xix. 


. Burstein, S., Savard, K., and Dorfman, R. I. The 


in vivo metabolism of cortisone. Endocrinology 


1953, 52, 448. 


. Lieberman, S., Katzenellenbogen, E. R., Schneider, 


R., Studer, P. E., and Dobriner, K. Isolation of 
urinary steroids after cortisone and adrenocorti- 
cotropic hormone. J. biol. Chem. 1953, 205, 87. 


. Russell, J. A. The use of isotopic tracers in estimat- 


ing rates of metabolic reactions. Perspec. Biol. 


Med. 1958, 1, 138. 


» Savard, K., and Goldfaden, S. H. Metabolism of 


pregnane-11 8, 17 a, 21-triol-3, 20-dione (dihydro 
compound F) and pregnane-3a, 118, 17a, 21-tetrol- 
20-one (tetrahydro compound F) in human sub- 
jects. Fed. Proc. 1954, 13, 288. 

Wyngaarden, J. B., 
Bunim, J. J., and Brodie, B. B. The physiological 
disposition and metabolic fate of cortisone in man. 
J. clin. Invest. 1957, 36, 1301. 

Levitan, P., and 
Lieberman, S. Isolation from urine and synthesis 
of tetrahydrocortisone glucuronoside. J. Amer. 


chem. Soc. 1955, 77, 4184. 


. deCourcy, C., and Schneider, J. J. Enzymatic re- 


duction of the C-20 carbonyl group of tetrahydro- 
cortisone and 17-hydroxypregnanolone. J. biol 
Chem. 1956, 223, 865. 


. Solomon, A. K. Equations for tracer experiments. 


J. clin. Invest. 1949, 28, 1297. 





e 


2252 N. I. GOLD, L. L. SMITH AND F. D. MOORE 


. Sandberg, A. A., Chang, E., and Slaunwhite, W. R., 29. Peterson, R. E., Wyngaarden, J. B., Guerra, S., 


Jr. The conversion of 4-C’-cortisol to C*-17- 
ketosteroids. J. clin. Endocr. 1957, 17, 437. 

Hubener, H. J., Fukushima, D. K., and Gallagher, 
T. F. Substrate specificity of enzymes reducing 
the 11- and 20-keto groups of steroids. J. biol. 
Chem. 1956, 220, 499. 

. Peterson, R. E., Pierce, C. E., and Kliman, B. Iso- 
lation of A*-pregnene-118, 17a, 20a, 21-tetrol-3-one 
from urine of man. Arch. Biochem. 1957, 70, 
614. 

. Richardson, E. M., Bulaschenko, H., and Dohan, F. C. 
Urinary excretion by man of 118, 17a, 20a, 21- 
tetrahydroxy-4-pregnan-3-one and the 208 epimer. 
J. clin. Endocr. 1958, 18, 1399. 


Holness, N. J., Lunnon, J. B., and Gray, C. H.- 


The identification of some adrenocortical steroids 
in urine. J. Endocr. 1956, 14, 138. 

». Burstein, S., Dorfman, R. I., and Nadel, E. M. 6£- 
Hydroxycortisol—A new steroid in human urine. 
Arch. Biochem. 1954, 53, 307. 

Robertson, J. S. Theory and use of tracers in deter- 
mining transfer rates .in biological systems. 
Physiol. Rev. 1957, 27, 133. 

. Hellman, L., Bradlow, H. L., Frazell, E. L., and 
Gallagher, T. F. Tracer studies of the absorption 
and fate of steroid hormones in man. J. clin. In- 
vest. 1956, 35, 1033. 


. Peterson, R. E. 


Brodie, B. B., and Bunim, J. J. The physiological 
disposition and metabolic fate of hydrocortisone 
in man. J. clin. Invest. 1955, 34, 1779. 


. Brown, H., Willardson, D. G., Samuels, L. T., and 


Tyler, F. H. 17-Hydroxycorticosteroid metabolism 
in liver disease. J. clin. Invest. 1954, 33, 1524. 


. Migeon, C. J., Bertrand, J., and Wall, P. E. 


Physiological disposition of 4-C*-cortisol during 
late pregnancy. J. clin. Invest. 1957, 36, 1350. 


. Peterson, R. E., and Wyngaarden, J. B. The mis- 


cible pool and turnover rate of hydrocortisone in 
man. J. clin. Invest. 1956, 35, 552. 


. Daughaday, W. H. Binding of corticosteroids by 


plasma proteins. III. The binding of corticosteroid 
and related hormones by human rilasma_ and 
plasma protein fractions as measured by equilibrium 
dialysis. J. clin. Invest. 1958, 37, 511. 


. Slaunwhite, W. R., Jr., and Sandberg, A. A. Trans- 


cortin: A corticosteroid-binding protein of plasma. 
J. clin. Invest. 1959, 38, 384. 


. Bradlow, H. L., Hellman, L., Zumoff, B., and Gal- 


lagher, T. F. Interaction of hormonal effects: 
Influence of triiodothyronine on androgen metabo- 
lism. Science 1956, 124, 1206. 

The influence of the thyroid on 
adrenal cortical function. J. clin. Invest. 1958, 37, 
736. 





ERYTHROCYTE GLUCOSE-6-PHOSPHATE DEHYDROGENASE DEFICIENCY : 
EVIDENCE OF DIFFERENCES BETWEEN NEGROES AND CAU- 
CASIANS WITH RESPECT TO THIS GENETICALLY 
DETERMINED TRAIT * 


By PAUL, A. MARKS anp RUTH T. GROSS 


(From the Department of Medicine, Columbia University College of Physicians and Surgeons, 
Medical Services of the Francis Delafield and The Presbyterian Hospitals, New 
York City, and the Department of Pediatrics, Stanford University School of 
Medicine, Pediatric Service of the Stanford University Hospital, 
Palo Alto, Calif.) 


(Submitted for publication August 7, 1959; accepted September 1, 1959) 


Erythrocyte glucose-6-phosphate dehydrogenase 
(G-6-P.D.) deficiency is associated with an in- 
creased susceptibility to hemolysis following in- 
gestion of such agents as primaquine, naphthaline, 
sulfonamides, other drugs and the fava bean (1, 
2). The incidence of this trait varies considerably 
among different population groups. Thus, it is 
relatively common among Negroes (3-7) and 
among Caucasians of Italian (4, 5), Greek (4, 5, 
8) and Sephardic Jewish (9) extraction. On the 
other hand, the incidence of erythrocyte G-6-P.D. 
deficiency is low among subjects of Chinese (10) 
and Javanese (7) descent and is particularly rare 
among Ashkenazy Jews (9) and certain other 
Western Europeans (1-5). Data accumulated 
in both Negro (4, 5) and Caucasian populations 
(4, 5, 9) have suggested that this erythrocyte en- 
zyme deficiency is due to a sex-linked gene of in- 
termediate dominance. 

It has been assumed that the deficiency in G-6- 
P.D. in these various population groups is a re- 
sult of the same gene mutation. The explanation 
of the varied incidence of this enzyme defect in 
different racial groups has remained an intriguing 
problem. 

The present investigation has been concerned 
with further characterization of the relationship 
between the gene alteration and the resulting defi- 
ciency in red blood cell G-6-P.D. Among sub- 
jects with low erythrocyte G-6-P.D. activity, 
Caucasian males were found to have a more 
marked deficiency of this enzyme than Negro 
males. Recently, it was reported (11) that Ne- 
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gro subjects with erythrocyte G-6-P.D. deficiency 
had normal levels of this enzyme in their leuko- 
cytes. It has now been found that affected * Cau- 
casian males have significantly lower than normal 
activities of G-6-P.D. in their leukocytes. 

Among affected subjects, the deficiency in 
G-6-P.D. activity is more marked in red blood cells 
than in leukocytes. In persons with normal eryth- 
rocyte G-6-P.D. activity, the level of this enzyme 
decreases with the in vivo aging of the red blood 
cells (12). In the present study the effect of age 
on erythrocyte G-6-P.D. activity has been exam- 
ined in affected subjects. Enzyme activity was as- 
sayed in young and old red cell fractions separated 
by serial osmotic hemolysis or by centrifugation. 
G-6-P.D. activity in young red cells was found to 
be higher among affected Negro males than af- 
fected Caucasian males, and to decrease with the 
in vivo aging of the erythrocytes. 


METHODS 


Subjects studied. All subjects had normal values for 
hemoglobin concentrations and erythrocyte,- reticulocyte, 
leukocyte and platelet counts with the exceptions of the 
patients with chronic hemolytic anemia (Table I) and 
those with reticulocytosis (Table IV). The subjects 
studied with erythrocyte G-6-P.D. deficiency are indi- 
cated in Footnotes + and ¢ of Table I. The control 
group included subjects selected at random from among 
hospital personnel and patients. Fifty-nine of the sub- 
jects included in Table I, and 31 of the control and 14 of 
the “deficient” Negro group included in Table II, repre- 
sent persons previously reported (5, 11). 

Enzyme assays. G-6-P.D. was assayed by a method 
based on that of Kornberg and Horecker (13). The de- 
tails of this enzyme assay have been described else- 


1 The term “affected” is used to denote subjects with 
erythrocyte glucose-6-phosphate dehydrogenase activities 
below 3.0 standard deviations of the control mean value. 
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where (14). A unit of G-6-P.D. activity in erythrocytes 
was defined as a change in one optical density unit per 
minute per gram of hemoglobin. Enzyme activity in 
erythrocytes was referred to hemoglobin concentration 
rather than cell count or cell volume because this param- 
eter was found to provide most reproducible results (14, 
15). A unit of G-6-P.D. activity in leukocytes was de- 
fined as the change in one optical density unit per minute 
per 10° cells. Prior to hemolysis of erythrocyte samples 
or disruption of white cell samples, aliquots of the sus- 
pended cells were removed for counting of erythrocytes, 
leukocytes and, when appropriate, reticulocytes and plate- 
lets. Hemoglobin concentrations were measured as 
previously described (12). 

Preparation of cells. Venous blood, mixed with heparin 
to prevent clotting, was employed for all studies. He- 
molysates of washed erythrocytes were prepared from 
the blood for enzyme assay as previously described (14). 
The washed erythrocytes were contaminated with fewer 
than 0.05 per cent leukocytes. 

For studies in which enzyme activity was determined in 
both leukocytes and erythrocytes, venous blood was 
drawn into siliconized syringes and transferred to sili- 
conized test tubes. The blood cells were separated by a 
method of dextran flotation (16) which was carried out 
at 4° C. The whole blood was added to an equal volume 
of 3 per cent dextran and 3 per cent glucose in 0.9 per 
cent sodium chloride and allowed to sediment for 30 to 
45 minutes. The supernatant plasma, containing leuko- 
cytes and platelets with relatively few red cells, was re- 
moved and centrifuged at 800 G for eight minutes. 
The sedimented white cells were recovered and suspended 
in approximately 20 volumes of isotonic potassium chlo- 
ride buffered at pH 7.4 with potassium bicarbonate. The 
leukocytes were disrupted by freezing and thawing four 
times. Leukocyte counts were performed prior to and 
following this procedure to insure that assays were per- 
formed only on samples in which more than 90 per cent 
of the white cells were destroyed. This procedure yielded 
a leukocyte preparation contaminated with fewer than 
five red cells and less than one platelet for each white 
cell. This degree of contamination by erythrocytes and 
platelets had no detectable effect on the assays of leuko- 
cyte enzyme. 

The erythrocytes, following sedimentation in dextran, 
were centrifuged at 1,000 X G for 10 minutes. The su- 
pernatant was removed and the red cells washed twice 
with isotonic potassium chloride buffered at pH 7.4 and 
resuspended in this solution. The erythrocyte samples 
prepared in this manner were contaminated with less 
than 0.03 per cent leukocytes and 0.5 per cent platelets. 
This degree of contamination by platelets had no detec- 
table effect on the red cell enzyme assays. However, 
a detetcable level of G-6-P.D. was attributable to the 
leukocytes in these erythrocyte samples. The enzyme 
activity attributable to the leukocytes was calculated by 
multiplying the number of leukocytes in the erythrocyte 
sample by the enzyme activity per white cell. Among 82 
subjects with a mean erythrocyte G-6-P.D. of 161+2.4 
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units,? the enzyme activity attributable to leukocytes pres- 
ent in these red cell samples averaged 0.4+0.2 unit. In 
45 affected persons with an average red cell G-6-P.D. of 
2.1+1.6 units, G-6-P.D. attributable to leukocytes av- 
eraged 0.2+0.15 unit. This method of correcting the 
erythrocyte enzyme activity for leukocyte contamina- 
tion probably overestimated the contribution of the white 
cell enzyme. The erythrocytes were hemolyzed by 
freezing and thawing twice. This procedure usually 
disrupted only 60 to 75 per cent of the leukocytes. In 
addition, in seven Caucasian persons (included in Table 
I) there was no detectable red cell G-6-P.D. despite the 
fact that these samples were contaminated with 0.007 to 
0.03 per cent leukocytes. These data indicate that the er- 
ror in determining red cell G-6-P.D. activity attributable 
to white cell contamination was small. 

Separation of young and old erythrocytes. The re- 
suspended washed erythrocytes (to be referred to as the 
whole erythrocyte population) were separated into frac- 
tions of relatively young and old mean ages by two dif- 
ferent methods: a) serial osmotic hemolysis and b) cen- 
trifugation. 

a) Serial osmotic hemolysis: The method of graded 
osmotic hemolysis employed for the separation of the 
whole erythrocyte population into fractions of differing 
mean cell age has been previously described (17). This 
method is based on the fact that young mature human 
erythrocytes are more resistant to hemolysis in hypo- 
tonic media than old cells. 

b) Centrifugation: A modification of previously pub- 
lished methods of separating the whole erythrocyte popu- 
lation into fractions of relatively young and old cells was 
employed (12, 18). This method is based on the fact 
that young red cells are less dense than old cells. Ap- 
proximately 25 ml. of the whole erythrocyte population 
was centrifuged at 1,900 x G for 45 minutes in siliconized 
glass tubes of inner dimensions 7 X 145 mm. The upper 
10 per cent and the lower 10 per cent of red cells, re- 
spectively, from each tube were combined and resuspended 
in isotonic potassium chloride buffered at pH 7.4. These 
samples were again centrifuged at 1,900 x G for 45 min- 
utes, and the top 15 per cent of the upper red cell sample 
and the bottom 15 per cent of the lower red cell sample 
were recovered and washed once with potassium chlo- 
ride buffered at pH 7.4 and resuspended in this solution. 
Aliquots of each sample were taken for cell counts, hemo- 
globin determination and enzyme assay. 


RESULTS 


Erythrocyte glucose-6-phosphate dehydrogenase 
activity 


In a group of 500 adult subjects the erythrocyte 


G-6-P.D. activity was 16.1 + 2.2 units. Among 
this control group no significant differences were 
found between the mean values for red cell G-6- 


2 The mean value + on standard deviation. 
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P.D. of males compared with females, or Caucasians 
compared with Negroes. Subjects whose level of 
dehydrogenase in erythrocytes was less than 3.0 
standard deviations below the control mean were 
considered to have a deficiency of G-6-P.D. 

The activity of erythrocyte G-6-P.D. among af- 
fected Negro males was 2.7 + 1.5 units compared 
with 0.4 + 0.4 unit for deficient Caucasian males 
(Table I). The difference between these means 
was statistically highly significant, 11 times the 
standard error of the difference. The average red 
cell G-6-P.D. level for the group of affected Negro 
females was 6.9 + 2.3 units compared to 6.8 + 3.2 
units for affected Caucasian females (Table I). 
The difference between these means was not sta- 
tistically significant. 


TABLE I 


Erythrocyte glucose-6-phos phate dehydrogenase activity among 
subjects with a deficiency of this enzyme 





Erythrocyte glucose-6-phosphate 
dehydrogenase* 





7 Mean Range §. D. 





Male 59 
Female 52 


Caucasianf 
Male 22 0.4 
Female 22 6.8 


0-1.1 0.4 
0-9.6 3.2 


* Enzyme activity is expressed as the change in optical 
density units per minute per gram hemoglobin. 

t Negro male subjects include: a) 24 persons without 
known Lechatttagioal disorders who were discovered during 
a random population survey and 11 relatives of such 
subjects; b) 6 persons with a history of hemolytic anemia 
following ingestion of naphthaline and 8 relatives of such 
subjects; c) 1 person with a history of favism; d) 6 persons 
with a history of acute hemolytic anemia of undetermined 
cause and 3 relatives of such subjects. Negro female 
subjects include: a) 19 persons without known hemato- 
logical disorders who were discovered during a random 
population survey and 14 relatives of such subjects; 5) 1 
person with a history of acute hemolytic anemia following 
ingestion of naphthaline and 10 relatives of such subjects; 
c) 2 relatives of subjects with a history of favism; d) 6 
relatives of subjects with a history of acute hemolytic 
anemia of undetermined cause. 

¢ Caucasian male subjects include: a) 4 persons with a 
history of favism and 7 relatives of such subjects; 6) 3 per- 
sons with a history of hemolytic anemia following the 
ingestion of sulfonamides and 2 relatives of such a subject; 
c) 2 persons with a history of acute hemolytic anemia of 
undetermined cause; d) 2 persons with chronic hemolytic 
anemia of undetermined cause and 2 relatives of such 
subjects. Caucasian female subjects include: a) 2 persons 
without known hematological disorders who were discov- 
ered during a random population survey; b) 2 persons 
with a history of favism and 12 relatives of such subjects; 
c) 4 relatives of subjects with a history of acute hemolytic 
anemia of undetermined etiology; d) 2 relatives of subjects 
with chronic hemolytic anemia of undetermined etickony. 
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TABLE II 


Leukocyte glucose-6-phosphate dehydrogenase activity among 
normal subjects and persons with a deficiency of 
this enzyme in their erythrocytes 








Leukocyte glucose-6-phosphate 
dehydrogenase* 





Subject No. Mean Range S. D. 





Controlt 85 
Negro 48 
Caucasian 37 

Deficientt 


Negro 38 
Caucasian 17 


44.4 


46.8 
42.1 


19,2-99.8 


22.9-99.8 
19.2-64.4 


19.3 


22.0 
13.0 


38.1 26.2-63.0 11.6 
14.0 6.1-23.4 9 





* Enzyme activity is expressed as change in optical den- 
sity units per minute per 10° leukocytes. 

{1 The mean + standard deviation for erythrocyte glu- 
cose-6-phosphate dehydrogenase activity of the control 
Negro group was 16.2 + 2.3 units and for the control 
Caucasian group, 16.1 + 2.5 units. 

} All subjects included in this group had erythrocyte 
glucose-6-phosphate dehydrogenase activity below 4.5 
standard deviations of the control mean value. 


Subjects with erythrocyte G-6-P.D. deficiency 
may be divided arbitrarily into two groups: a 
moderately deficient group, with values of red cell 
enzyme between 3 and 4.5 standard deviations be- 
low the control mean; and a severely deficient 
group, with enzyme activities lower than 4.5 stand- 
ard deviations from the control means. The group 
of Negroes with a moderate deficiency in G-6-P.D. 
included 45 females and no males, while those 
with a severe deficiency of the red cell enzyme in- 
cluded 59 males and 7 females. In the group of 
affected Caucasians, those with a moderate de- 
ficiency included 19 females and no males and 
those with a severe deficiency included 22 males 
and 3 females. This preponderance of females 
among moderately affected subjects and of males 
among severely affected persons is in agreement 
with several previously published observations 
(4, 5,9, 19). This observation is consistent with 
the suggestion that this trait is due to a sex-linked 
gene of intermediate dominance (4, 5, 9). 


Leukocyte glucose-6-phosphate dehydrogenase 


In Negro subjects with marked red cell G-6- 
P.D. deficiency, the activity of this enzyme in leu- 
kocytes was not significantly different from that in 
white cells of the control group (Table Il). This 
finding is in agreement with an earlier report 
based on a smaller number of observations (11). 
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TABLE III 


Glucose-6-phos phate dehydrogenase activity in erythrocyte fractions of different age separated on the basis of varying 
osmotic foagiy: subjects with normal midenitindtet glucose-6-phos phate dehydrogenase 








Negroes 





_ Osmotic resistancet 


Least 


| 


| 


Subject % 
I WEP* Cells 
12.3 
17.3 
15.5 
20.9 
12.8 
14.3 
16.6 
15.9 
18.4 
14.3 
16.8 
14.2 
16.4 
15.1 
16.9 
16.0 
15.5 
14.6 
13.1 


1o.| 

38 

|e 
“ 
- 


G-6-P.D. 


| v 
i} 


mROCORReROK 


“18. 0 
33.6 
26.9 
36.0 
28.5 
31.2 
36.0 
30.2 
45.0 
38.4 
38.4 
$1.2 
45.2 
33.6 
45.2 
41.9 
31.9 
26.2 
42.8 
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“2 Abbreviations 


WEP, whisle « ery hrecyée population ; 


Caucasians 





Osmotic resistance 


Most Least 








Subject 
No. 


% % 
WEP Cells G-6-P.D. Cells G-6-P.D. 





34.8 
40.8 
25.2 
19.3 
39.8 
26.7 
38.3 
28.5 
40.2 
298 
23.5 
23.6 
31.6 
22.3 
39.6 
31.2 
38.4 
22.8 
39.6 
30.0 
40.0 
39.6 
27.6 
32.4 
38.4 
21.4 
18.6 
40.2 
33.0 


3 31.6 
1 7.3 


16.8 
14.0 
13.3 
15.2 
19.9 
12.1 
16.3 
12.7 
12.0 
13.2 
15.7 
15.6 
15.1 
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glucose-6-phosphate dikepliainane. 





rea 6-P.D., Enzyme 


activity is expressed as change i in optical density units per minute per gram hemoglobin; M, mean value; S. D., standard 


deviation. 


Tt In each fractionation the red cell sample obtained which was most resistant to hypotonic hemolysis (relatively 
young cells) and that which was least resistant to hypotonic hemolysis (relatively old cells) were assayed for glucose-6- 


phosphate dehydrogenase activity. 
fractions most and least osmotically fragile. 

t No sample obtained for analysis. 
It is to be noted, however, that the level of leuko- 
cyte dehydrogenase in these affected Negroes 
tended to be in the lower range of normal. 

In contrast to these findings, Caucasians with a 
marked deficiency of erythrocyte enzyme had a 
mean value for white cell G-6-P.D. significantly 
lower than that of both the control Caucasian 
group and the deficient Negro subjects. The dif- 
ference between the means for leukocyte G-6-P.D. 
activity of the affected Caucasians compared with 
the control group and with the affected Negro 
group was 10.9 and 10.2 times the standard error 
of the difference, respectively. 

In seven Negro females whose erythrocyte 


The % cells refers to the percentage of the whole erythrocyte population in these 


G-6-P.D. activity was moderately decreased, the 
level of this enzyme in their leukocytes was within 
the range of values for the control group. No data 
were obtained for leukocyte G.-6.P.D. activities in 
Caucasians with a moderate decrease in erythro- 
cyte enzyme. 


Enzyme activity in erythrocytes fractionated by 
serial osmotic hemolysis 


In red cells fractionated by serial osmotic he- 
molysis, the most resistant and least resistant cell 
fractions have relatively younger and older mean 
cell ages, respectively. Accordingly, the enzyme 
activities may be related to the relative mean age 
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TABLE IV 


Glucose-6-phos phate dehydrogenase activity in erythrocyte fractions of different age separated on the basis of varying 
osmotic fragility: subjects with deficient erythrocyte glucose-6-phos phate dehydrogenase 








Markedly G-6-P.D. deficient subjects* 


Negroes 





Osmotic resistance 





— 


Most Least 





Subject 


% % 
No. Cells G-6-P.D. Cells G-6-P.D. 
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Moderately G-6-P.D. deficient subjects 
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8. 
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nN 
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33 9. 
8. 


1 
34 3 





* Markedly G-6-P.D. deficient subjects included persons whose erythrocyte enzyme activity was below 4.5 standard 


deviations of the control mean. 


Mcderately G-6-P.D. deficient subjects included persons whose erythrocyte enzyme 


activity was 3.0 to 4 5 standard deviations below the control mean. 


t See Footnotes * and f¢, Table III. 


of the red blood cells in the various fractions. 
Among normal subjects the activity of G-6-P.D. 
was markedly higher in the younger than in the 
older erythrocyte fractions (Table III). The 
mean value for enzyme activity in the younger frac- 
tion exceeded that in the older cells by factors of 
7.7 and 6.3 for the control group of Negroes and 
of Caucasians, respectively. There was variation 
among different subjects in the enzyme activity in 
erythrocyte fractions of the same osmotic resist- 
ance. This variation is attributable, in part, to 
the fact that such erythrocyte fractions prepared 
from red cell populations of different subjects 
vary in the degree of relative enrichment with 
young and old cells (17). 
fractionation study, it was consistently observed 
that the older the relative mean cell age of the 


However, in a given 


erythrocyte sample, the lower the activities of 
G-6-P.D. (12). 

In Negroes with a marked erythrocyte G-6-P.D. 
deficiency, the average activity of this enzyme in 
younger cell fractions was significantly higher than 
in comparable samples prepared from severely af- 
fected Caucasians (Table IV). 
fected Negroes, G-6-P.D. activities in the younger 
cell fractions did not approach values obtained for 


Among these af- 


control subjects. Nevertheless, enzyme activity, on 
the average, was 7.4 times higher in the young 
compared with the old red cell fraction. Cau- 
casians with very low G-6-P.D. activities in the 
whole erythrocyte population generally had little 
detectable enzyme activity in the younger cell frac- 
tions and relatively small differences between these 
erythrocyte samples and older cell fractions. 
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In Negroes with a moderate decrease in eryth- 
rocyte G-6-P.D. activity, the mean value for the 
enzyme in younger compared with the older 
erythrocyte fractions differed by a factor of 4.0 
(Table IV). 


Enzyme activity in erythrocytes fractionated by 

centrifugation 

To examine further the effect of aging on en- 
zyme activity in affected compared with control 
subjects, red blood cells from persons with a re- 
ticulocytosis were fractionated by centrifugation. 
This technique provides populations of cells en- 
riched with young and old erythrocytes in an un- 
lysed state permitting a determination of the reticu- 
locyte count in the samples of erythrocytes assayed 
for enzyme activity. 
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In control subjects and persons with an in- 
creased percentage of reticulocytes, the level of 
G-6-P.D. was higher in the upper (younger) than 
in the lower (older) erythrocyte fractions (Table 
V). As previously observed (14), patients with 
reticulocytosis compared with control subjects, 
have higher levels of G-6-P.D. in their whole 
erythrocyte population as well as in the relatively 
younger and older red cell fractions. The frac- 
of erythrocytes of relatively young and 
older mean cell age separated by centrifugation 
showed smaller differences in enzyme activity 
than did the fractions of differing mean cell age 
prepared by serial osmotic hemolysis. This find- 
ing, too, is in agreement with earlier published 
data (12). 

In two Negro subjects with marked erythrocyte 


tions 


TABLE V 


Glucose-6-phos phate dehydrogenase activity in erythrocyte fractions of different mean cell age 
separated on the basis of varying density 


Reticu- 
locyte 
count 


Subject* G-6-P.D. 


Bottom 3% cells 

” Reticu- 
locyte 
count G-6-P.D 


G-6-P.D. 





ae me 

12.4 
17.0 
19.4 
15.9 
14.1 
14.4 
15.9 


15.6 


essssss 
St NOS mdi 


>a 
i) 


Mean 


Reticulocytosis with high enzyme activity 

13.6 25.9 
22.2 
22.9 
20.2 
29.0 
27.9 


Mean 24.7 


Reticulocytosis with low enzyme activity 
18.2 
2.9 
4.0 
3.9 





0.0 
0.3 
0.0 
0.2 
0.2 
1.1 
0.3 


dN Ww WhH b> 


Soo 
ae teh pk beh et 


2 NONSENSE 
N Onwansas70 


0.3 


_ 


5 


1.5 
0.9 
6.5 
8.0 


° * Subjec ts with cetlealasiidals tated « persons with chronic hemolytic anemia of undetermined sdhakeaet ‘(Subjec ts 
8, 9, 10, 13 and 14) and patients with anemia secondary to bleeding from a peptic ulcer (Subjects 11, 12, 16 and 17). 
Patient 15 had no other clinically apparent hematological abnormality. 


t Abbreviations: see Footnote *, Table III. 


t The top 3 per cent cells, ery throcy te fractions with younger mean cell age, and the bottom 3 per cent cells, erythro- 


cyte fractions with older mean cell age, were prepared according to the method indicated in the text. 


The top 3% cells 


compared to the bottom 3% cells generally contained a larger number of leukocytes relative to the erythrocyte concen- 


tration. 


for the dehydrogenase activity attributable to the white blood cells present in the red blood cell samples. 


the details of the calculation of this correction. 


Accordingly, all erythrocyte enzyme activities presented in this table represent values which are corrected 


See text for 
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G-6-P.D. deficiency, younger red cell fractions 
were obtained with reticulocyte counts of 8.3 and 
13.9 per cent, respectively. G-6-P.D. activities 
were distinctly higher in these younger compared 
with the older cells (Table V, Subjects 16 and 
17). By comparison, in two severely affected 
Caucasian subjects, the younger cell fractions, 
with 23.9 and 7.1 per cent reticulocytes, respec- 
tively, had little G-6-P.D. activity. 


DISCUSSION 


Erythrocyte G-6-P.D. deficiency was first dem- 
onstrated by Carson, Flanagan, Ickes and Alving 
(20) in Negro subjects who had an increased 
susceptibility to hemolysis following primaquine 
administration. Subsequently, this trait (meas- 
ured by reduced glutathione stability or G-6-P.D. 
activity in red cells) has been recognized among 
certain Caucasian, as well as other Negro popula- 
tions (1-10). It is most likely that this enzyme 
deficiency is due to a sex-linked gene of intermedi- 
ate dominance (4, 5,9). The present study indi- 
cates that there is a significant quantitative differ- 
ence between Caucasians and Negroes who have a 
deficiency in G-6-P.D. Thus, G-6-P.D. activity 
is markedly lower in the whole erythrocyte popu- 
lation, the young red cells and the leukocytes of af- 
fected Caucasian males compared with affected 
Negro males. A review of previously published 
data (5, 21-26) reveals that affected Caucasian 
males were generally reported to have markedly 
low, or undetectable levels of G-6-P.D., while af- 
fected Negro males were rarely observed with 
levels below 10 per cent of the control mean value.* 

Affected Negro and Caucasian females were 
found not to differ significantly with respect to the 
degree of red cell enzyme deficiency. This may 
reflect the fact that affected females are predomi- 
nantly heterozygous. In heterozygotes, the pres- 
ence of a single normal gene could mask quantita- 
tive differences in the enzyme activity which might 
result from different mutant genes. 

Numerous investigations, primarily with Neuro- 
spora and certain bacteria (27-32), have provided 
evidence which suggests that a given functional 


3Ramot, Szeinberg and Sheba have observed that 
among Israeli subjects with erythrocyte G-6-P.D. de- 
ficiency, the level of this enzyme in leukocytes was sig- 
nificantly below that of a control group (personal com- 
munication ) . 
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genetic unit controls the formation of only one 
enzyme. Such studies have also provided ex- 
amples of organisms in which two or more dif- 
ferent mutants have been found to be deficient in 
the same enzyme (28-31). On the basis of these 
observations, several genetic mechanisms could 
account for the quantitative difference between 
Caucasians and Negroes. Thus, these findings 
could represent different mutations occurring in 
the same region on the X chromosome concerned 
with the formation of G-6-P.D. 

On the other hand, these differences might re- 
flect the fact that more than one gene may affect 
the level of G-6-P.D. activity. It has been sug- 
gested that such genetic modifiers may be con- 
cerned with repair of an altered enzyme or with 
control of various quantitative aspects of enzyme 
formation or function (29). Conceivably, there 
is a second mutation in affected Negroes which 
results in partial restoration of enzyme activity. 

Another possibility, based on findings such as 
those of Umbarger and Brown (33), is that two 
or more distinctly different proteins may be pro- 
duced which catalyze the same reaction, in this 
instance, the oxidation of glucose-6-phosphate. 
The quantitative difference between affected Cau- 
casians: and Negroes might then represent muta- 
tions involving different genes controlling the for- 
mation of the different proteins. Such mutations 
might result in varying degrees of decrease in the 
amount of enzyme activity. 

The effects of a mutation which lead to a 
deficiency in enzyme activity appear to fall into 
at least two categories: a) partial or complete fail- 
ure to produce the enzyme (27-32), or b) forma- 
tion of a qualitatively altered protein (34-37). A 
partial or complete block in enzyme synthesis 
could result from either one of the genetic mecha- 
nisms mentioned above. However, in affected 
Negroes, the finding of normal, or near normal, 
G-6-P.D. activities in leukocytes suggests that, at 
least in this group, a block in the formation of this 
enzyme may not be the cause of the decreased lev- 
els of red cell enzyme. 

Among affected subjects, G-6-P.D. deficiency 
was more marked in erythrocytes than in white 
cells. It has been suggested that a gene action 
leading to a formation of an altered enzyme of 
reduced stability would be compatible with these 
findings (11). In red cells, which synthesize little 
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or no protein, a faster than normal rate of decline 
in enzyme activity with aging in vivo could lead 
to a more marked deficiency of this enzyme in 
erythrocytes than in tissues which can synthesize 
proteins. 

The evidence obtained in this study is incon- 
clusive as to whether or not, in affected subjects, 
G-6-P.D. activity decreases more rapidly than 
normal with red cell aging. In normal and se- 
verely affected Negroes, G-6-P.D. activity in 
young compared with old erythrocyte fractions 
differed by essentially the same factor. However, 
in many of these affected subjects and in all of the 
severely affected Caucasians studied, the enzyme 
activity in the young cell fractions was very low. 
Accordingly, it is difficult to evaluate the mean- 
ing of the relatively small differences in enzyme 
activity between erythrocyte fractions enriched 
with young or old cells. These results could be 
compatible with erythrocyte G-6-P.D. deficiency 
being secondary to either a) a block in enzyme 
synthesis without any necessary alteration in its 
rate of degradation, or b) a more rapid than nor- 
mal decrease in enzyme activity resulting in low 
levels in the very young red cell. In the latter 
case, G-6-P.D. activity in young cell fractions 
being very low, the relative differences between 
young and old cells might even be less than nor- 
mal. 

Studies by Kirkman (38) and in this laboratory 
(39) have, to date, revealed no difference in the 
properties of the G-6-P.D. purified from red cells 
of normal and of affected Negroes. Thus, the 
enzymes were found to have identical affinities for 
their substrates, glucose-6-phosphate and triphos- 
phopyridine nucleotide, various triphosphopyri- 
dine nucleotide analogs, and pH optima. How- 
ever, erythrocyte G-6-P.D. of affected compared 
with that of normal subjects has a greater heat- 
lability upon incubation of crude hemolysates 
at 37°C. (21, 40-42). This heat-lability of the 
enzyme from affected subjects is markedly de- 
creased by addition of triphosphopyridine nucleo- 
tide (42). No evidence has been obtained to in- 
dicate that the difference in heat-lability between 
the normal and mutant enzymes reflects the pres- 
ence of an inhibitor or lack of an activator in red 
cells of affected subjects (2, 39). It is possible 
that in affected Negroes (data on the enzyme puri- 
fied from affected Caucasians are lacking) an 
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altered enzyme is formed which, although un- 
changed in the specificity of its catalytic site, has 
a decreased stability at 37° C. 

The present data permit no conclusions as to 
which, if any, of the above indicated genetic 
mechanisms accounts for the quantitative differ- 
ence between affected Negroes and Caucasians. 
Further, the affected Negro and the affected Cau- 
casian group may in themselves be genetically 
heterogeneous. However, it seems likely that 
elucidation of the mechanism of erythrocyte G-6- 
P.D. deficiency affords a model for extendin«: ov 
understanding of the nature of gene actien in 
human subjects. 

It is pertinent to point out that this study pro- 
vides no information as to the relationship between 
erythrocyte G-6-P.D. deficiency and sensitivity to 
hemolysis. As summarized in recent reviews (1, 
2, 19), the elucidation of certain biochemical ab- 
normalities in red cells of drug sensitive subjects 
has not established the mechanism of their in- 
creased susceptibility to hemolysis. Accordingly, 
it is not possible to answer the question of whether 
the quantitative differences between affected Cau- 
casians and Negroes is correlated with variations 
in the clinical course of the hemolytic reaction, 


SUMMARY 


Among subjects with a genetically determined 
deficiency in glucose-6-phosphate dehydrogenase 
(G-6-P.D.), there is a quantitative difference be- 


tween Caucasians and Negroes. Affected Cau- 
casian males compared with affected Negro males 
were found to have a significantly lower G-6-P.D. 
activity in tne whole erythrocyte population, the 
young red cells, and the leukocytes. In affected 
Negro subjects, G-6-P.D. activities in young red 
cells, though not approaching control levels, were 
distinctly higher than in old cells. Caucasian 
males, whose whole erythrocyte population had 
little or no detectable G-6-P.D. activity, showed 
relatively small differences in the amount of en- 
zyme activity detectable in young compared with 
old cells. It is suggested that different genetic 
mechanisms account for the deficiency of G-6-P.D. 
in Negroes and in Caucasians. 
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